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INTRODUCTION AND PROBLD1 STATEMENT 
Partial or total replacement of joints has become feasible in orthopaedic sur-
gery in the past few decades. To an increasing extent it has become possible 
to treat patients with previously inoperable diseases of the joints leading 
to pain and functional limitation,by insertion of artificial joints. 
The initial attention focused mainly on the hip-joint because coxarthrosis is 
highly disabling. 
Subsequently other large joints became accessible with increasing experience, 
and the small joints of the upper extremities followed. 
The scale on which this therapy has become available is apparent from a study 
by Hori et al. (1978) who, on the basis of inquiries by questionnaire, estima-
ted the number of total hip replacements performed in the USA in the past few 
years. Their estimates range from a total of 55,000 total hip replacements in 
1972 to 80,000 in 1976. By 1974, about a million total replacements had been 
performed in the world(Hüller 197Ь). On the basis of these estimates, Huiskes 
(1979) predicts for the near future up to 300,000 total replacements annually 
in the Western world, provided suitable prostheses are available for this pur­
pose. 
The evolution of total hip replacement has in principle followed two lines. 
One involves fixation of components of the prosthesis to the surface of pre­
pared remnants of the affected parts of the joint; the other involves the use 
of a prosthesis with a stem, anchored in the diaphysis of the femur. Excellent 
reviews of the history of joint replacement have been published by Walker(1977) 
and by Huggler et al. (1978). 
Artificial joints have been designed in a trial-and-error process, on the basis 
of a good understanding of anatomy and function and initially making use of the 
available biologically inert,'non-wearing' metals and subsequently also of syn­
thetics. 
At present, beside animal and tribological experiments, we can make use also 
of analytical design methods applying mathematical models (Huiskes 1979). 
Models of joints can thus be made by justifiable simplification, and in these 
models the influence of certain variables (e.g. material and geometrical para­
meters) on the mechanical behaviour can be determined. This provides more fun­
damental information on the mechanical behaviour of the prosthesis-cement-bone 
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combination, and on the role of geometry and material properties in this re-
spect. 
Charnley (1960) was the first, in collaboration with D.C.Smith (Charnley and 
Smith 1968), to use acrylic cement interposed between the prefabricated arti-
ficial joint and the bone bed. This system of cement interposition is of es-
sential significance in the distribution of joint load over the fixation sur-
faces of the bone. 
The acrylic cement introduced by Charnley is a dough-like substance obtained 
by mixing polymethyl-methacrylate (granular polymer) witti methylmethacrylate 
(liquid monomer) which, when interposed between prosthesis and bone, sets (po-
lymerizes) while producing heat. 
The chance of success of total or partial arthroplasty was significantly en-
hanced when this bone cement was used, but it did not definitely solve all 
problems of prosthesis fixation. In subsequent years the complication of loo-
sening of the prosthesis continued to be encountered. On the basis of a 10-
year follow-up study of patients treated by total hip replacement, Hüller(197íl·) 
estimated the incidence of loosening to be 20%. In a recent statistical ana-
lysis of a series of patients given a Stanmore metal-on-metal total hip pros-
thesis, Dobbs(1979; estimated loosening to have occurred in 40% of cases dur-
ing a post-operative period of 10 years. 
Loosening is classified in aseptic and septic loosening. 
Aseptic loosening may be enhanced by: 
- initial bone necrosis as a consequence of thermal and chemical damage to bone 
and the vascular system 
- fracture of the cement layer and the prosthesis stem (fatigue/degradation) 
- trauma 
Septic loosening is caused by infection of aerobic and anaerobic micro-organ-
isms. 
The Laboratory for Experimental Orthopaedics in the Department of Orthopaedics 
of the St.Radboud Hospital (University of Nijmegen,The Netherlands) has long 
been studying the problem of loosening prostheses, with special reference to 
the role of acrylic cement. 
Slooff (1970) analysed the loosening of prostheses in a follow-up study of 72 
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patients given an uncemented endoprosthesis. He pointed out that fixation can 
be improved with acrylic bone cement. 
In an experiment on dogs, he filled the medullary cavity with acrylic cement 
and subsequently found transient partial cortical osteonecrosis in association 
with periosteal osteogenesis. He believed the cortical necrosis to be caused 
by a lesion of the nutrient artery but indicated that the polymerization heat 
might be another causative factor. 
On the basis of Slooff's work, Feith (1975) studied the role of acrylic cement 
in relation to prosthesis loosening in animal experiments. He concluded that, 
of all possible causes of osteonecrosis (high polymerization temperature, cyto­
toxicity of the polymer and disruption of the vascularization),polymerization 
heat was the most unfavourable factor. 
Subsequently Huiskes (1979) modified this view in an analytical study of the 
stress distribution and heat absorption in prosthesis-bone systems. On the 
basis of an analytical simulation of feith's experiments of ЛЬ he concluded 
that, under normal circumstances, the polymerization heat mostly exerts an in­
direct influence by enhancing the cytotoxic effect of the residual monomer. 
De Wijn, Feith and Slooff (de Wijn et al.1976 and Feith 1975) attempted to re­
duce the polymerization temperature of acrylic cement, and succeeded in de­
veloping polymethyl methacrylate/aqueous gel mixtures with a lower polymeri­
zation temperature, of which the gel phase resorbs gradually after implanta­
tion, leaving a porous bone cement (PBC). The porosity, moreover, permitted 
tissue ingrowth. 
De Wijn (1977a) studied the general strength characteristics of gel cement, 
and van Mullem(1978) studied the tissue reactions provoked by this cement in 
situ without prosthesis. These studies led to a preliminary description of the 
mechanical and biological characteristics of porous gel cement. 
The problem statement of the present study is the following. 
a) Is this porous gel cement sufficiently strong to withstand the stresses in­
volved in human total hip replacement? 
b) Which reactions of the bone are to be expected when a prosthesis fixed with 
porous gel cement is exposed to the normal strain? In this respect, atten­
tion must be focused not only on toxic reactions but also on the behaviour 
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of the bone-cement interface under loading, especially on tissue ingrwth 
into the pores. 
The following experiments were carried out in an effort to find answers to 
these questions. 
a) Analysis of strength and bone ingrowth in a test animal treated by total hip 
replacement using gel cement. The rationale and the procedure of this ani-
mal experiment are discussed in Chapter k, while the results are presented 
in Chapter 5. 
b) Analysis of the strength of gel cement in a physical model of a human fe-
mur with a hip prosthesis (de Wijn 1979b) under cyclic loads. The rationale 
and the procedure of this simulation experiment are discussed in Chapter 6, 
while the results are presented in Chapter 7. 
Conclusions are presented in Chapter 8, which is followed by a general Summary 
and a Bibliography. 
By way of introduction to this study, Chapter 1 discusses the literature on 
various aspects of acrylic cement, while the literature on acrylic gel cement 
is outlined in Chapter 2. Chapter 3 presents a discussion of the hip-joint and 
of total hip replacement. 
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Abbreviations 
PBC Porous bone cement (aqueous gel polymethylmethacrylate(PIIMA) ) 
50-PBC Group of sheep treated with cement of 50% (-gel) porosity 
35-Pt3C Group of sheep treated with cement of 35% (-gel) porosity 
0-PBC Croup of sheep treated with solid bone cement 
50-FPBC Group of sheep treated by filling the femur with 50-PBC without in-
serting a prosthesis 
50-CPBC Group of sheep treated by inserting a prosthesis pre-coated with solid 
PMMA into 50-PBC 
GRP Glass reinforced polyester 
Macroscopic evaluation of animal experiments 
Grading £f_fun(;timi (treated hip) 
0 = not used at all 
1 - supported incidentally 
2 = loaded in standing position and incidentally while walking 
3 = loaded in standing position and while walking, but with a limp 
4- - normal walking and standing pattern. 
(^  кііпд c>f_ectopic_calcifi£ati£n_ 
0 = none 
1 = a small amount 
2 = clearly visible 
3 = much, impairing hip function 
4 = massive, immobilizing the hip. 
СгасІ^п£ £f_prosth,esi¿ nxation_(stem or cup) 
0 = completely loosened and extractable without any force 
1 = slightly movable 
2 = stable, but extractable by hand 
3 - stable and extractable by hammerblows only. 
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Microscopie е а]иа1:іоп of animal experiments 
Gradinçi .2f_porc>us cerne£t_struc_tu£e_ 
1 = partly crushed 
2 = reasonably intact 
3 = completely intact. 
Gradinjj of_bon£ .iri3row^h_ 
0 = none 
1 = limited to the endosteal side 
2 = progressive, exceeding 2 mm locally 
3 = more than 50% of the pores filled. 
(iradin£ ^ ^fi.brous^i.s^ue densrt^ 
1 = loose 
2 = intermediate 
3 = dense. 
Grading of_fibrous_tissue necrosi_s_ 
1 = ranging from none to scattered areas of necrosis 
2 = moderate amount of necrosis 
3 = general necrosis. 
Gradi_nç[ of_i£f_lammdtor^ cel ls^ 
1 = none 
2 = occasional occurrence 
3 = ranging from frequent occurrence to general inflammatory reaction. 
Grading £f_cor_tical £e£rosis_(osteocyte death) 
0 = none 
1 = less than one-third of the cortex 
2 = one-third of the cortex 
3 = more than one-third of the cortex. 
Grading of_cor_tica^ ca£cellation_ 
0 = none 
1 = minimal 
2 = one-third of the cortex on the periosteal and/or the endosteal side 
3 = more than one-third of the cortex. 
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CHAPTER 1 
ACRYLIC DONE CEMENT 
1.1 Introduction 
Polymethyl methacrylate (PMMA) has long been known as a surgical material. 
Clark and Wentsler used it in closing cranial defects as early as 193Θ, and 
in the Forties the Oudet brothers used it as material for hip prostheses. A 
review of the history of surgically used self-curing synthetics in general 
and acrylic cement in particular has been published by Oest (1975). 
Charnley (I960) in collaboration with D.C.Smith (Charnley and Smith 1968), 
successfully used acrylic bone cement curing in situ for fixation of the low-
friction total hip prosthesis he developed. The cement was introduced into the 
medullary cavity in the viscous phase, the endoprosthesis placed in the ce­
ment, after polymerization the prosthesis was firmly anchored in the diaphy-
sis. The cement entered the cancellous bone and caused mechanical interlocking. 
An extensive literature has since described and discussed many of the chemical 
and physical properties of acrylic cement as well as the biological reactions 
it provokes ( Charnley 1970 , 1970b; Oest 1973; de Wijn 1981). The following 
subsections are confined to such aspects as are of relevance to this study. 
1.2 General properties 
1.2.1 Composiet іод 
Polymethyl methacrylate (PMMA) is a macromolecular substance. Bone cement con­
sists of a (polymeric) powder of PMMA granules and a liquid monomer: methyl 
methacrylate. After mixing, polymerization produces a polymeric substance 
while heat is produced (figure 1.1). 
An inhibitor or stabilizer (Hydroquinone) is added to the liquid component to 
prevent spontaneous polymerization. Moreover, an accelerator (dimethyl parato-
luidine:DPT) is added. The polymeric powder contains an initiator (benzoyl 
peroxide). 
After mixing,the initiator is activated by the accelerator; the released rad­
icals start polymerization. 
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MMA PMMA 
CH3 
I 
п. С = СН2 -
I 
COOCH3 
CH3 
I 
С — CH2 +- +heat 
I 
COOCH3 J r 
fig.1.1 Description of the polymerization reaction in which monomethylmeth-
acrylate molecules are connected to form polymer chains. 
1.2.2 Processi rig_a nd_po l^mer izat ¿on cha^rac ter i st іс^ 
After preparation of the bone bed, the polymeric powder and the liquid mono­
mer are mixed for use. The polymerization process is illustrated with regard 
to the temperature-time relation by an example presented in figure 1.2. 
temperature 
-• time 
fig.1.2 A typical temperature-time curve of curing acrylic cement. The termi­
nology for phases in the polymerization process is indicated (see also 
text), (courtesy Debrunner et al.1976) 
The setting time indicated in figure 1.2 is the period from the start of mix­
ing until the moment when the cement has cured; this is about 10 minutes. 
The mixing phase lasts about З-'* minutes. In the subsequent phase, which 
lasts about Ί·-5 minutes and is demarcated by the fact that the dough-like 
mixture no longer adheres to the glove, the mass is introduced into the medul-
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lary cavity whereupon the prosthesis is inserted. Immediately afterwards, dur-
ing the curing phase, the temperature rapidly rises and the started polymeri-
zation is accelerated as a result of the heat production. An additional accel-
eration of the process occurs because the rate of polymerization of methyl 
methacrylate increases when a certain degree of viscosity is exceeded: the 
so-called gel effect or Trommsdorf effect (figure 1.3). 
0/ 
/o conversion 
100. 
Î 
—»time 
fig.1.3 Conversion versus time in polymerization with and without gel effect. 
( courtesy de Wijn 1974) 
This gel effect or snap-curing effect, which causes the cement to cure rapid-
ly so that the prosthesis is fixed rigidly to the bone bed, is the principal 
advantage of acrylic bone cement. The relation between hardness, temperature 
and time during the polymerization process is shown in figure 1 Λ . 
Excellent descriptions of the entire process have been published by Charnley 
(1970 ), de Wijn (1974), Oest et al.(1975) and Debrunner et al.(1976). 
The precise timing of the processing and the intensity of mixing are of great 
importance. On the one hand, prolonged mixing permits the escape of more cyto­
toxic monomers ( Lee 1975) not strictly required for homogeneity of the mass 
( the amount of monomer added exceeds that strictly required for polymeriza­
tion; this is done in order to ensure ample moistening of the powder par­
ticles),and consequently long mixina and oostoonement of introduction of the 
cement is believed to be of advantage. On the other hand, it has recently been 
pointed out by Markolff and Amstutz (1976), Oh et al.(1978), Halawa et al. 
(1978), Miller et 31.(1978), Krause et al.(1979), Weber and Stühmer (1979), 
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mm 
30 
20 
10-
OJ 0 
10 mm. 
fig.1.4 Temperature and hardness of curing acrylic cement ( Palaces J as func-
tion of time. Hardness was measured as penetration depth ( in mm) at 
constant force. ( courtesy Debrunner et al.1976) 
that earlier introduction of the still liquid cement enhances penetration into 
the cancellous bone and thus ensures greater firmness of fixation. This is an 
argument in favour of early introduction. For optimal results, both lines of 
argumentation should be considered. 
1.2.2.1 Polymerization temperature 
The rate of polymerization and the polymerization temperature attained are de-
pendent on numerous factors; for example: 
- the amount of heat produced, which is determined by the composition of the 
cement (powder to liquid ratio and additives, if any), 
- the volume and the geometry of the cement mass, 
- the heat capacity of the cement, 
- heat absorption, which is determined by the heat-conducting properties of 
the cement, the environmental temperature, the rate of polymerization, the 
heat capacity,the heat-conducting properties and the geometry of the bone 
bed and the prosthesis, and the cooling effect of the vascularization, 
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- the initial temperature of the cement, the prosthesis and the bone. 
All these factors have been the subject of extensive discussions, for which we 
refer to publications by Slooff (1970), f-eith (1975), Oest et al.(197b), 
Debrunner et al.(1976) and Huiskes (1977, 197Θ, 1979). 
Although the reproducibility of in-vitro determinations of the polymerization 
temperature exceeds that of in-vivo determinations, the results of in-vitro 
determinations presented in the literature vary widely. This may be explained 
by the typical conditions of the measuring procedure and by not readily measur­
able phenomena ( Oest et al.1975). The wide range of data on temperatures 
measured makes it difficult to compare the results. 
Huiskes (1979) published an analysis of the polymerization temperature on the 
basis of simulation models and verified the results with the aid of experimen­
tal in-vitro findings. His study of the literature on liminal temperatures for 
tissue lesions caused by heat revealed that different tissues (e.g.connective, 
vascular or bone tissue) differ in sensitivity to high temperatures, and that 
this sensitivity is in part determined by the duration of exposure. 
On the basis of measurements, Moritz and Henriques {I9k7) constructed curves 
of time-dependent liminal temperature values for epithelial cells ( cell death 
at 550C after 30 seconds, at 50 С after ^00 seconds, and at bb0C after more 
than 5 hours). Lundskog (1972) experimented with heated implants in rabbit 
bone and reported osteocyte death after 30 seconds at 50 C. In view of this 
liminal value and the specific geometry in simulation experiments, Huiskes 
(1979) concluded that the risk of osteonecrosis near the acetabular cup decid­
edly exceeds that near the stem of the prosthesis. An explanation can be 
found in the less favourable properties for heat conduction and heat capacity 
of the implant material used. These data cast doubt on the recently made re­
commendation to introduce the cement in an early phase and press it into the 
cleansed cancellous bone. Huiskes suggested that a solution should probably 
be found in a combination of activities, e.g.cooling of the bone bed and ad­
mixture of small amounts of heat sink additives. 
1.2.2.2 Volume changes 
Several investigators have measured the volume changes of the cement mass dur-
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ing polymerization and cooling. They have generally reported a volume increase 
by Э-5Ж (Charnley 1970; Debrunner 197bb; Haas et al.197b; Hupfauer 1975; 
de Wijn 1975b), which is explained by the following phenomena during the poly­
merization phase: 
a) Shrinkage as a result of contraction of the monomer during polymerization; 
this amounts to 7 vol% in commercially available cement. 
b) Expansion as a result of heating of air entrapped during stirring and as 
a result of evaporation of monomer ( boiling point about 100 C). 
c) Thermal expansion of the material; this, however, is negligible. The coef­
ficient of expansion is 5 χ 10 С .This means only 0.5% lineair expan­
sion for a temperature rise of 100 C, and this is negligible in relation 
to the total volume increase. 
The expansion of the cement mass ( the balance of a and b ) occurs in the vis­
cous phase. Due to the limitation imposed by the stem and the bone, the expan­
sion will result in a longitudinal flow. During the subsequent cooling period, 
however, the solid material will shrink linearly in all directions leaving a 
gap at the cement-bone interface, and shrinkage stresses at the stem-cement 
interface ( see subsection 1.2.3). 
In a simulation experiment performed by De Wijn (1975b), the ultimate diame­
tral shrinkage of the cement coat amounted to about 80-100firn over a diameter of 
20 mm; this can be accounted almost entirely to thermic shrinkage. 
In the long run,some slight compensation for this shrinkage can occur as a 
result of water absorption (Ohnsorge 1974; De Wijn et al.l97bb; Haas et al. 
1975). 
The gap at the bone-cement interface can contribute to loosening of the 
prosthesis. 
1.2.3 Mechanical_pro£ertіе^ 
Acrylic cement consists of prepolymerized granules which, after polymerization 
of the monomer, have been embedded in identical material. Due to the order of 
polymerization, however, the material is not microscopically homogeneous. In 
mechanical terms it is therefore inferior to, say, standard Perspex (industrial 
polymerized methyl methacrylate): its strength is 20-35% less ( Homsy 1973; 
Lautenschlager et al.19/4).Acrylic cement is further weakened by several factors 
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( Bloch and Hastings 1972¡ Wagner and Bourgeois 1974; De Wijn et al.1975a; 
Haas et al.1975; Lee et а1.197 ; Kusy 1978), for example: 
- a degree of porosity develops as a result of air inclusions and monomer evap­
oration as the temperature rises, 
- introduction of the cement and insertion of the prosthesis readily causes 
mixing of blood and bone marrow, 
- admixture of radiopaque substances and antibiotics, 
- possible change in situ due to gradual water absorption ( in a few hours), 
with resulting changes in mechanical properties. 
All in all, specimens of acrylic cement which has been in situ for some time 
prove to be some 50% less strong than homogeneous test material ( Oest and 
Müller 1973; De Wijn et al.1973,1975a; Kusy 197Θ). 
Apart from static fracture criteria, it is of importance in the study of the 
strength of acrylic cement to gain insight into fatigue strength and creep. 
In a study of crack propagation in acrylic bone cement, Beaumont and Young 
(1975) concluded that small hairline cracks can develop from inclusions of air, 
blood and monomer fumes, and that the rate of crack propagation is proportional 
to stresses at the tip of the hairline crack. From this they could esti­
mate the interval until a complete fracture in samples of Perspex and Simplex 
( acrylic cement). This process of hairline crack formation, and especially 
that of crack propagation, is of great importance for the strength of acrylic 
cement exposed to cyclic load over longer periods. Important factors are 
shrinkage stresses as a result of cooling after polymerization, degradation 
of acrylic in response to ions, particularly hydroxyl groups, and oxygen dis­
solved in body fluids. Shrinkage stresses, however, rapidly lose significance 
with relaxation of the material (75% in 7 days) ( Huiskes and De Wijn 1979b). 
In a study of the strength of the bone-cement interface under cyclic load, 
Kölbel (1974) concluded that stresses less than 50% of shear strength do not 
lead to failure in the cement until after more than 10,000 cycles. When the 
stress exceeds 50%, failure occurs after fewer than 5000 cycles. He concluded 
that, when a total hip prosthesis is properly cemented^ that is to say when 
adequate interlocking of cement and cancellous bone is ensured, a fatigue 
fracture is not to be expected in normal use. 
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Little research has generally been devoted to creep of PMI1A in relation to a 
cemented total hip prosthesis. Treharne and Brown (1975) studied several test 
specimens under chronic stress at room temperature, and concluded that the 
density of the PUMA is the principal variable which influences creep. If a 
mixing procedure causes air inclusions so that density is reduced by more than 
0.5%, then this is significantly reflected in creep (figure 1.5). 
strain 
14-
12 
G = 9 02 χ 10 3 psi 
0 10 20 30 40 50 60 70 80 90 100 
time (sec ) 
fig.1.5 Effect of density on radiopaque orthopaedic cement creep m compres­
sion. Temperature 26.1 C. { courtesy Treharne and Brown 1975) 
1.2Λ The cement-bone interface 
The strength characteristics of the cement are undoubtedly of importance. 
Many instances of loosening, however, result not from cement fracture but from 
failure of the bone-cement interface. In his monograph on acrylic cement, 
Charnley (1970) exhaustively discussed the bone-cement interface. Other de­
tailed studies in this context were published by Willert and Puis (1972) and 
Vernon-Roberts and Freeman (1976). 
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The central mechanical question in this context is how the load introduced 
via the prosthesis is transmitted to the bone at the bone-cement interface. 
The cement is not a substance which forms a chemical complex with bone and 
prosthesis; it is not an adhesive. As the cement penetrates into irregular-
ities of the endosteal aspect of the proximal femur(cancellous bone), inter-
locking of bone and cement occurs, and in this way the contact surface area 
between bone and cement is enlarged to several times the original area. 
Charnley observed and stated that, under physiological loads, the circumfer-
ential stresses of the femur (so-called hoop stress) do not reach values 
which could cause the femur to split open. He believed that, due to the inter-
locking, cement and bone behave like a ( single) entity and that under exces-
sive physiological loads the combination désintégrâtes as a result of shear 
stresses in the cancellous bone. Although bone as such is stronger than ce-
ment, the combination is destroyed in the cancellous bone, particularly in 
the case of senile osteoporosis; this may be a result of the structural weak-
ness of the trabeculae. 
The cement and the bone are joined via a membrane of connective tissue which 
develops after replacement of the initially necrotized bone. Charnley (1970) 
regarded this membrane as a resilient layer which constitutes a biologically 
necessary link between bone and cement. He believed this membrane to function 
as a buffer between the cement and the much stiffer bone. It is questionable, 
however, whether the relatively thin membrane is capable of functioning as 
an elastic buffer. 
Willert and Puis (1972) postulated that direct contact between cement and bone 
is required for biological stability. They expected and observed that, after 
revitalization, the bone cannot establish such intimate contact with the ce-
ment. They therefore postulated that the fixation of the prosthesis could never 
be firmer than it was at the time of the operation, immediately after im-
plantation. It is a fact that, once the thickness of the membrane exceeds a 
certain limit and some freedom of movement prevails, the process of loosening 
becomes irreversible. 
Oest (1975) likewise presented a description of the failure of the prosthesis-
cement-bone system, with reference to three of the six stress components (tan-
gential, axial and radial direct stresses) which can prevail in the system. 
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In an experimental study he also demonstrated the importance of adequate inter-
locking of bone and cement. In this study, too, the system failed in the can-
cellous bone. Other authors ( Charnley 1970; K.Müller 1975) observed that loo-
sening is first seen in the proximal segment of the femur, and that resorption 
occurs beneath the collar of the prosthesis. They therefore advised that the 
tip of the prosthesis stem be carefully cemented, ensuring support on the me-
dial cortex. 
Huiskes (1979) approached the mechanical aspects of interface and cement in a 
theoretical model. His findings are of relevance to the present study and, to 
avoid repetition, will be discussed in section 3.5. 
A more detailed description of the histology of the interface and the surround-
ing bone is presented in subsection 1.2.5 and in section 3.3. 
1.2.5 Di £І£д ípal_reac Mons 
Although PMMA has so far been regarded as a material with favourable biological 
reactions, complications have been reported from the very start of its applica-
tion. A detailed discussion with references to the literature has been published 
by Slooff (1970), and other reviews of importance in this context are those 
by Oest et al.(1975), Feith (1975) and Willert and Semlitsch (1976). In a more 
recently published review, De Wijn and Van Mullëm (1981) distinguished three 
categories of reactions: 
a) reactions caused by cement components of low molecular weight,e.g.monomer, 
co-polymer, catalysera,etc., 
b) reactions caused by physical properties of the cement, 
c) reactions caused by cement which has long been in situ. 
We adopt the same division in our discussion of all these aspects. 
a)Reactions caused by low-molecular cement components: 
Polymerization in situ should be expected to leave 2-^% residual monomer. This 
residual monomer can have untoward systemic effects on heart, lungs,etc. Charn-
ley (1970 ) concluded that these effects are caused, not by the monomer but by 
marrow and air embolisms resulting from increased pressure as the cement is in-
troduced into the medullary cavity. Subsequent research revealed, apart from 
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the toxic effect on the heart (cardiac arrest), an effect on the vessels (vaso-
dilatation with hypotension as a result) and a suppressive influence on the im-
munological defence system ( Lawrence et al.1972; Rijke 1980). In total hip re-
placement the toxic dose for systemic effects is believed not to be exceeded. 
The surgeon should ensure proper mixing of the cement so that no monomer enters 
the circulation unnecessarily.The anaesthetist should anticipate possible vaso-
dilatation caused by monomers and ensure adequate filling of the vascular 
bed and sufficient oxygenation. 
Willert and Semlitsch (1976) studied local toxic monomer activity and demonstra-
ted that the toxic dose of monomers is exceeded. As mentioned in section 1.2, 
Feith (1975) made a detailed study of the influence of local side effects of 
bone cement, with special reference to the influence of polymerization heat 
(see b). And Huiskes (1979) stated that the effects observed can be explained, 
not directly by the polymerization temperature but by an increased toxic effect 
of the monomer resulting from the rise in temperature caused by polymerization 
heat. 
Allergic reactions as a result of sensitization by the monomer are extremely 
rare. The reactions observed are as a rule a result of mechanical irritation 
and the degreasing effect of the monomer, which is known also in dentistry. 
Other components of low molecular weight, e.g. inhibitor, accelerator and sta-
bilizer, are potentially harmful. However they are released in exceedingly 
small amounts and there are no reports on toxicity of these amounts. The radio-
paque substances are enclosed in the cement. The detached particles on the sur-
face, in particular barium sulphate more than zirconium dioxide, can give rise 
to osteonecrosis. 
b) Reactions caused by physical properties of the cement: 
A distinction can be made between the consequences of polymerization heat (for 
which we refer to subheading 1.2.2.1) and reactions caused by small cement par-
ticles. Unlike large particles (e.g. artificial lenses made of acrylic), these 
small particles cause a distinct reaction. The attrition particles of the 3udet 
hip prosthesis with Perspex head caused a marked foreign body reaction in the 
immediate vicinity of the prosthesis ( so-called 'acrylosis'). 
Particle formation occurs in bone cement also, if to a lesser degree; this is 
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particularly the case when a prosthesis loosens, i.e. when excessive local 
stress causes microfractures at the interface and thus interferes with fixation. 
Detailed study of the influences of wear particles were performed by Willert 
et al.(1972, 1977, 1978). These small particles are found in the capsule new-
ly formed after the operation. They produce a typical granulomatous foreign 
body reaction with progressive thickening and cicatrization of the postopera-
tive capsule. Some of these particles are eliminated via perivascular lymphatic 
vessels. When in the case of abnormal wear the amount of particles is ex-
cessive, decompensation of this system is observed: the necrotic material ac-
cumulates within the capsule and forces itself between cement and bone, thus 
accelerating the loosening process. 
c) Reactions caused by cement which has long been in situ: 
Intramedullary implantation is followed by extensive medullary, cortical and 
periosteal reactions. These reactions are not exclusively caused by the cement 
but also result from preparation of the bone bed (disruption of the bone struc-
ture and endosteal circulation) and from a different stress pattern in the bone. 
Feith (1975) attempted to determine how much of these reactions is caused by 
disruption of the arterial circulation, how much by polymerization heat, and 
how much by monomer toxicity. 
A description of in particular the consequences of circulatory disruption is 
presented in section 3.3. 
Reactions in general after human total hip replacement are described with re-
ference to studies performed by Charnley (1970), Willert and Puis (1972), Ver-
non-Roberts et al.(1976), Willert (1977) and Willert et al.(1978). After suc-
cessful total hip replacement they observed the following phases in the bi-
ological reactions: 
1) The initial phase, which lasts 2-3 weeks. It is characterized by extensive 
bone marrow degeneration and lipophagy as a result of polynuclear phago-
cytosis. There is necrosis of cancellous bone on the endosteal side, which 
ranges in depth from 0.!> mm to 0.8 mm. 
2) The repair phase, which begins after the third week and lasts until about 
the end of the first year. Increasing organization of the necrosis gives 
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rise to fibrosis. A hyperaemic /one forms at the boundary of vital bone, 
and from this zone remodelling osteogenesis takes place via 'metaplasia' 
of lamellar bone apposition, further away from the prosthesis one observes 
cancellation of cortical bone or osteoporosis; its site and extent vary 
with the prevalent situation. 
3) The phase of stabilization, which is completed after a maximum of two years. 
There remains a connective tissue membrane with a thickness of 0.1-1.5 mm, 
which contains lymphocytes, plasma cells and polynuclear foreign body giant 
cells. The bone marrow has a normal structure. Bone remodelling has occurred. 
The trabeculation of cancellous bone, which initially was perpendicular to 
the bone cement, now more or less parallels the bone cement ( possibly re­
flecting a change in the stress pattern). 
Total contact between bone and cement is never found. At a few sites, di­
rect contact between bone and cement can be established in that trabeculae 
extend to form a console. Host of the surface area of the cement,however, 
is covered by a thin zone of flat polynuclear cells which enclose the ce­
ment like a network. Functional stress generally has an accelerating effect 
on the changes so that the final situation is attained more quickly. 
The extent to which bone-cement contact is established and maintained ( and 
the significance of this) still remains a subject of discussion (Charnley 
1970; Willert et al.1972) ( see subsection 1.2Λ). 
Finally, it is to be noted that acrylic cement has not so far given rise to 
sarcomatous degeneration. In view of the long period of induction of human 
tumours, caution is imperative. For a discussion of this subject we refer to 
Williams (1973). 
1.3 Summary of the untoward effects of acrylic bone cement 
Acrylic cement which is curing in situ constitutes an acceptable medium for 
fixation of joint prostheses. However, it exerts a local toxic influence on 
bone, which is intensified by the rise in temperature caused by the polymeri­
zation heat. Osteonecrosis results and gives rise to a fibrous layer at the 
bone-cement interface. 
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The relatively low modulus of elasticity and the enlarged contact surface area 
ensure that load stresses are evenly distributed over the bone. The changed 
stress pattern, however, is bound to initiate a bone remodelling process which 
in turn can contribute to the formation of a fibrous layer. This process of 
membrane formation is further intensified by disruption of the local endosteal 
circulation as a result of the implantation. The entire course of events leads 
to a reduced quality of fixation, and may introduce a process of progressive 
loosening. In that case there is no restoration of the intimate bone-cement 
contact which existed initially. 
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CHAPTLR 2 
POROUS ACRYLIC CEMENT 
2.1 Introduction 
Porous biomaterials of many types have been produced and are being applied 
in many ways in reconstructive surgery. A good review of the available materi-
als, the conditions of tissue ingrowth and biocompatibility has been published 
by Williams (1973) and, more in particular for porous materials used in the 
locomotor apparatus, by Homsy et al. (1972), Hulbert et al.(1973), Smith (197<t-) 
and Klawitter et al.(1976). 
The latter summarize a number of factors which influence the kinetics of pos-
sible bone ingrowth: 
- pore volume, pore diameter, pore shape and degree of interconnection, 
- implant biocompatibility, 
- implant shape, size and surface structure, 
- site of implantation and implant fixation, 
- the test animal, its condition and diet, 
- the degree of activity of the test animal and the load imposed on the implant. 
Porous methyl methacrylate is one of many materials which can be applied in 
a porous form. 
Porous cement has many potential advantages over solid cement: 
- less monomer is used per volume unit of cement, and consequently less heat 
is produced, 
- the substance added to the cement can serve as a heat sink additive, 
- pores which form a continuous structure by virtue of the interconnections, 
afford a possibility of tissue ingrowth and even bone ingrowth, thus en-
suring improved interlocking between cement and bone, 
- porous cement has a lower modulus of elasticity and a higher compressibility 
than solid cement, and this has a favourable effect on the stress patterns. 
Porous acrylic cement can be produced in several ways. Taylor et al.(1972) and 
Healy et al.(1973) sintered PMMA powders of relatively gross granular structure 
and a minimal amount of MMA. They reached the'conclusion that the small granules 
they used (42 u.m) ultimately resulted in an interconnection structure between 
the pores of at best 12 itm, and that no tissue ingrowth occurred in this structure. 
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Connective tissue and blood vessel ingrowth occurs when larger granules are 
used ( ЗбОрч), but this material can only be produced in advance outside the 
body. Another possibility of attaining porosity is to make use of foaming 
agents which escape during the polymerization reaction (e.g. Freon). These 
foaming polymerization systems entail a risk of gas embolism and of tissue 
toxicity of the enclosed gas, and in view of this risk this method is imprac­
ticable. 
Rijke et al.(1977,1980) attained porosity by mixing the normal cement with 
sucrose crystals and tricalcium phosphate crystals ( TCP) with a diameter of 
125-175 ¡i** which, when dissolved in the system, leave pores. They observed 
that the minimum amount of sucrose or TCP required to ensure adequate inter-
connections was 30 wt% of the cement ( for an interconnection structure of 
about 14 jm ) . They demonstrated a significant decrease in polymerization 
temperature and diminished monomer release. They also observed connective 
tissue and bloodvessel ingrowth, and possibly an indication of bone ingrowth 
(Rijke et al. 197Θ). 
Although sucrose and TCP are undoubtly useful as heat sink additives, they 
do not seem to be suitable for the formation of a continuous pore structure. 
To ensure this, the crystals should be packed sufficiently close to achieve 
contact, and the tangent plane is as a rule no more than punctiform. The 
interconnection will be slightly larger than punctiform because the acrylic 
does not ideally enclose the sucrose or TCP crystals. Given a crystal size of 
125-175μιο, an interconnection structure of only l^ jum can be achieved. 
Moreover, the sucrose or TCP solution is hypertonic in relation to the body 
fluid, and this may have an unfavourable effect on the tissue. 
It is generally maintained ( Williams et al.1973) that the minimal size of 
pores and interconnections should be between 100 um and 120 f»n if bone ingrowth 
is to take place. The upper limit of pore size is determined by the minimal 
strength required of the material. 
In his study of the side effects of acrylic cement, Feith (1975) attempted 
to reduce the high polymerization temperature by mixing the cement with water. 
However,phase separation precluded a homogeneous distribution of the water 
over the cement. By using a high-viscosity gel, De Wijn (1976, 1977a) finally 
succeeded in reducing the high polymerization temperature without influ­
encing the processability of the mixture. 
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He used an aqueous gel which, because it is immiscible with the acrylic ce­
ment, is dispersed during mixing. The result is a biphasic mixture in which 
both phases are geometrically continuous. The high viscosity of the gel pre­
vents aggregation of the gel phase so that the phases remain regularly distri­
buted in each other. The aqueous phase is degradable in vivo or elutable in 
vitro, so that finally a firm acrylic material with a connected porous struc­
ture is obtained. 
2.2 General properties of porous gel acrylic cement 
2.2.1 Compo s i_t іод 
In principle, several water-soluble polymers can be used in the production of 
an aqueous gel. To be mentioned in this respect under proviso of biocompati-
bility are polyvinyl alcohol, polyvinyl pyrolidone and Dextran-like polymers. 
The porous gel cement used in our experiment was sodium carboxymethyl cellu­
lose (CMC) ( trade name Nymcel ZHF 5 0 ( R ) by N.V.Nyma , Nijmegen, The Nether­
lands) . 
CMC is a wellknown water thickener; its industrial applications are numerous 
and it is often used in food technology. Its chemical structure is shown in 
figure 2.1. The hydroxyl groups on the С atoms 2, 3 and 6 of the original 
cellulose product, have been etherified with carboxymethyl groups. Iltheri-
fication of all these hydroxyl groups per unit is never achieved. CMC can be 
substituted to different degrees. The degree of etherification determines the 
Theological behaviour in solution. 
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fig.2.1 Molecular structure of carboxymethyl cellulose ( CMC). 
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A major advantage of CMC is its high solution viscosity even in low concen-
trations. For application in gel cement this high viscosity is required in 
order to prevent segregation of the mixture and maintain a regular 'pore' dis-
tribution. The low concentrations at which this viscosity is already attained, 
are of advantage of biodégradation in vivo. No marked hypertonia develops 
in solution (which with many other thickeners would be expected owing to the 
high concentrations required). 
The CMC powder fulfilled the specification presented in table 2.1. 
Trade name/ code Nymcel ZHF 50 
Degree of substitution 1.Θ 
Viscosity of 1% solution 390 cP 
NaCl content 0.6% 
Moisture content 7.5% 
pH in 0.5% solution 6.8 
table 2.1 Specifications of carboxymethyl cellulose. 
Histotoxic traces of sodium chloride, low-molecular CMC and sodium glycolate 
were removed from the powder. This was achieved on a laboratory scale by 
Soxhlet extraction with 96% alcohol. 
Quantification of the viscosity of CMC solutions, especially at concentrations 
in excess of 1-2%, is difficult due to the high viscosity values and the de­
pendence on the measuring method used. This is why no attempts were made to 
define the gel used in the cement (about 7% CMC solution) in terms of viscosity. 
2.2.2 £r£c£s¿i£g_ 
The gel cement consists of four components: the polymeric powder, the liquid 
monomer, CMC powder and water. Several methods of preparation have been tested. 
Partly in view of the possibility of stabilization, préfabrication and pack-
ing, and the best results in storage of the components, we opted in favour of 
the following method (De Wijn 1977a). 
The CMC powder was sterilized with hot air (110 C). This was followed by pre-
liminary mixing of the CMC with the polymeric powder. Next, this powder mix-
ture was mixed with the monomer, and water was added. This was followed by in-
tensive mixing for 1-2 minutes until the two phases,(dispersed in each other) 
could no longer be distinguished with the naked eye.Curing-time was - θ minutes. 
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2.2.3 Porosity 
Pore structure and pore size are determined by the gel viscosity and to a 
lesser degree by the granule size of the carboxymethyl cellulose. This influ-
ence of granule size on pore size becomes discernible only when the CMC:water 
ratio is sufficiently high. At the low ratio we used ( 7 wt% of the gel con-
sisting of CMC) , granule size plays no role. 
The relation between wt% and vol% of gel on the one hand and the continuity of 
the pore structure on the other was determined on the basis of electrical con-
duction studies (figure 2.2). From 30 wt% added gel on, conductivity increases 
rapidly so that a good interconnection structure can be assumed to exist. 
conductivity ( 0"'. cm"1 ) 
-A 
x10 
10 
18 
20 
27 
30 
38 
40 weight % oq phase 
50 vol °lo porosity 
f i g . 2 . 2 Electrical conductivity of the blends as a function of the percentage 
of aqueous phase and resulting vol% of porosity.( courtesy De Mijn 1977a) 
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Of course there exists a relation between wt% of gel and vol% of pores; this 
relation is determined by the specific gravity of the gel. At optical analysis 
of the surface of the porous cement, the pore volume is systematically 7-10% 
in excess of the corresponding wt% of gel. This can be explained by air inclu­
sion during mixing. The pore interconnections show no consistent structure what­
ever at optical analysis. 
2.2 Л Р°.1уте£І z.a_t iori_charac teri_s^i£s_ 
The use of porous gel cement reduces the polymerization temperature in two dif­
ferent ways: 
a) the amount of heat produced per volume diminishes because the monomer com­
ponent in the gel cement diminishes, 
b) the gel added, and particularly the water component, has a higher heat capac­
ity than PMMA and therefore absorbs additional heat. 
These facts can be expressed in the following calculation.* 
The monomer volume fraction available for polymerization follows from: 
Ό = Ό" (1 - >) ) 
m m ас 
With this, the total polymerization heat produced can be calculated from: 
Q = Ό 1 - ^ J p
m
· ^^ -
m ас m t 
The heat capacity of the total mixture is found by approximation in the equation: 
С ъС + Ï (С - С ) 
с ρ ас ас р' 
- ) 
Explanation of the symbols used: 
•J = volume fraction of monomer component in cement-gel mixture 
m 
•J' = volume fraction of monomer component in original two-component mixture 
m 
0 = volume fraction of additives to cement mixture (= CMC gel) 
ac 
Q = total amount of heat generated per unit of volume mixture 
Ρ = density of liquid monomer 
Q = heat generated per unit of mass of liquid monomer 
С = total heat capacity of the cement mixture 
С = total heat capacity of the polymer component 
Ρ 
С = total heat capacity of the additives to the cement mixture 
a c
 (= CMC gel = H 20 volume) 
The equotations used and a justification of the simplifications applied 
can be found in 'Some Fundamental Aspects of Human Joint Replacement' 
(Huiskes 1979). 
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We use the following parameter values: 
0' = 0.35 (P/L = 2) 
m 
ρ = 0.9k χ 10 kg/m (Charnley 1970) 1
 m ,
 J 
Q t = 5 Λ x 10 Э/кд (Trommsdorf 1963) 
С Ä 1.Θ χ IO 6 O/m3 0C (Huiskes 1979) 
С «г if.2 χ IO 6 O/m3 0C (De Vkijn 1977a) 
ac 
The maximum rise in temperature which occurs in the cement (under adiabatic 
conditions) can now be calculated from: 
ΔΤ =fi (0C). 
max С 
с 
Figure 2.3 gives the values of Q, С and ΔΤ as a function of the gel fraction 3 3
 с max
 3 
in the mixture Ό for the parameter values indicated. 
ac 
This temperature-reducing effect has also been determined experimentally by 
De Wijn (1976): after mixing, different wt% of gel cement were introduced into 
cylindrical spaces insulated with polyurethane foam, with a diameter of 15 mm 
and a depth of 15 mm. The cell was placed in a water bath of 37 C. The curing 
time was measured from the start of mixing until the moment the maximum tempera­
ture was attained, and the maximum temperature was determined. The results 
of this experiment are presented in table 2.2. Measurements were made twice 
for massive cement and thrice for porous gel cement (35 and 50 wt% of gel). 
CEMtNT CURING TIME MAX.TEMPERATURE 
Solid 5.5 min 1150C 
б.00 130 
35/7 6.50 70 
6.25 60 
7.25 67 
50/7 7.50 50 
8.50 45 
θ.00 kS 
table 2.2 Curing time and maximum temperature of solid bone cement and 
porous gel cement as measured in vitro.(courtesy De Wijn 1977a) 
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fig.2.3 Q, С ала ΔΓ as a function of the gel fraction m the mixture.$ 
с max ac 
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The temperatures attained in the bone in vivo are of course lower than the 
maximum attainable cement temperature; this is due to heat absorption via the 
bone and the circulation as indicated in figure 2 Λ (Huiskes 1979). 
temperature 'C 
τ, 
100 
fig.2.4 a. Temperature as a function of time at several points m bone and 
cement. Τ and Τ are the maximum temperatures m cement and bone, 
respectively. 
b. Temperature as a function of the radius (r) at three different 
times ( both calculations of a reference case m a typical intra­
medullary hipsituation, using solid acrylic cement). 
(courtesy Huiskes 1979) 
The admixture of the gel further reduces the maximum temperatures in cement 
and in bone as well as the so-called 'penetration depth' of the high tempera­
tures in the bone; this was demonstrated by Huiskes (1979) ( figure 2.5). 
Comparison of the bone temperatures to be expected with the thermic damage 
threshold levels of Moritz and Henriquez (19^7) indicates that direct thermic 
tissue damage is unlikely at 35 wtüí of gel, and excluded at 50 wtX of gel in 
the cement. 
It is conceivable that the porous gel cement we tested is also less subject 
to volumetric changes because the polymerization temperature is lower and the 
monomer component smaller. Shrinkage is also less marked, and this possibly 
3Θ 
% of reference value 
uu 
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volume fraction aqeous gel V a c 
fig.2.5 Approximate influence of the amount of aqueous gel added to the ce­
ment mixture on the maximal cement ( Δ Τ Ì and bone (ΔΤ,) temperature 
с D 
increases, and the penetration depth of the 50 С isotherm ( b ) in 
the bone, m a typical intramedullary fixation situation as percen­
tages of the reference values (100% = no gel added). 
( courtesy Huiskes 1979) 
ensures less crack formation and better fixation to the bone. Moreover, the 
possibility of cement failure due to shrinkage stresses which develop during 
cooling after polymerization, will also be reduced. 
2.2.5 Mechanica 1_рго£ег t¿es 
De Wijn (1976, 1977a) studied the mechanical properties of the porous cement 
used in this study. Under certain laboratory conditions, he determined the com-
pressive yield strength and the compressive modulus of elasticity as a function 
of pore volume in cylindrical specimens, using an Instron testing machine 
(figures 2.6 and 2.7). 
The decrease in strength with increasing porosity can to some extent be relativ-
ized. The maximum stresses in the cement on the proximal and the distal sides 
of the hip prosthesis structure are approximately proportional to the square 
root of the cement modulus of elasticity (Huiskes 1979). This means that, given 
unchanged loads and geometry, the stresses in the porous cement are related as 
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compressive yield 
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porosity (vol%) 
2.6 Compressive yield strength (loading rate 5-10 kg cm sec } and 
ψ 
•J as a function of the porosity, a = apparent, b = reai decrease 
in compressive yield strength. 
compressive modulus (kg/cm2) 
„σ
3 
60 70 
porosity (vol %>) 
2.7 Compressive modulus of elasticity as a function of the porosity 
-2 -2 
( loading rate 5-10 kg cm sec ) . ( courtesy De Wijn 1977a) 
\/E.J/E-O. Figure 2.6 shows this ratio as a function of ^  , assuming that 
E^= E Q Q - ^
a c
)· T h e figure indicates the absolute decrease in strength (as 
measured) and this decrease when the influence of the modulus of elasticity 
on the stresses is considered. 
The compressibility of the cement, expressed in Poisson's ratio, is likewise 
of great importance for stress transfer.The Poisson's ratio should be as low 
as possible (Huiskes 1979). The Poisson's ratio for solid PUMA is about 0.3-
0Λ. The figure for porous cement is not known exactly but in any case should 
be significantly lower due to the porosity. 
Using Dynstad apparatus, flexural strength and impact strength were determined 
according to DIN 53^52, 534-53 and 51230 for specimens of 35-PBC and 50-
PBC (table 2.3), using 25 wt% CMC in which the pore size was varied by vary­
ing the CMC granule size. The number of pores was found to exert a marked 
influence, but the pore size did not. 
Cement Flexural?strength Angle at Impact strength 
massive 
small pore 
35/25 
small pore 
50/25 
large pore 
35/25 
large pore 
50/25 
N/mm 
61Λ 
18Λ 
7.5 
18.7 
6.7 
(- *.20) 
(- 0.92) 
(- 0.83) 
(- 1.10) 
(Î 1.00) 
fracture 
11° 
1 1° 
1 1° 
1 1° 
1 1° 
N/mm 
0.62 (ΐ 
0.12 (Î 
0.075(ί 
0.83M-
0.100(ί 
0.062) 
0.015) 
0.005) 
0.00Ό 
0.001) 
table 2.3 Flexural strength and impact strength. Values in parentheses are 
95% confidence limits, (courtesy De Wijn 1977a) 
Bone cement which cures and remains long in situ, as in prosthetic surgery is 
known to be far less strong than PMMA polymerized under industrial conditions. 
( under pressure) (table 2Λ), as De Wijn (1977a) confirmed. The present stu­
dy compares the strength of'perfectly prepared' specimens (i.e.specimens pre­
volume fraction of additive to the cement mixture (- gel) 
modulus of elasticity of the original cement 
modulus of elasticity of the cement mixture (gel cement) 
x) 
ifl 
pared under pressure in the laboratory) with that of 'normally prepared' speci­
mens (i.e.specimens polymerized without pressure), with that of specimens of 
bone cement which had been in situ for some time, and with that of 35-PBC and 
50-PBC. 
Compressive Modulus of Proportional 
strength elasticity limit 
2 2 2 
N/mm N/mm N/mm 
Palacos 
'perfect' Θ3Λ (- 4.3) 24.1 (І 1.2) 41.0 (- 3.0) 
Palacos 
'normal' 62.8 {- 2.6) 1Θ.5 (- 1.3) 33.3 (- 2.2) 
Palacos (after 
15 min.in situ) 58.5 (- 9.2) 10.8 (- 1 Λ ) 27.3 (- 2.5) 
35-PBC 25.0 (- 4.0) 10.4 (- 1.5) 18.0 (Í 2.0) 
50-PBC 7.0 (Í 3.0) 3.0 (- 1.0) 5.5 (- 2.5) 
table 2.4 Compressive strength, modulus of elasticity and proportional limit 
of Palacos bone cement under different conditions and 35/50-PBC. 
Values in parentheses are 95% confidence intervals. 
( courtesy De Wijn 19/9a) 
A striking finding was that the differences in compressive strength, modulus 
of elasticity and proportional limit were far less marked between PBC and solid 
cement than had been in situ. Porous cement can be expected to be less suscep-
tible to contamination with blood because in fact it already contains water 
and is porous; consequently its strength shows relatively less diminution in 
situ than that of solid cement. 
Research and experiments will have to focus on the question whether (and to 
which extent) PBC is susceptible to ageing, especially in the'internal environ-
ment' (degrading influence of oxygen and hydroxyl ions). Little is known about 
fatigue strength and relaxation. These subjects will be discussed in section 
7.3. 
2.2.6 Th£ cement^bone interface 
Push-out tests were performed in an effort to gain an impression of the inter-
face strength of porous gel cement before and after bone ingrowth (De Wijn 1979a). 
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Prepolymerized cylindrical cement implants measuring 5 mm in diameter and 10 
mm in length were implanted in suitable spaces in the forehead in pig. The 
bone material in question was excised and planed after varying intervals until 
sacrifice, thus providing test specimens which could be used in push-out tests. 
The tests were carried out on an Instron testing machine with a cross beam 
2 
speed of 0.5 mm/min. The push-out strengths thus determined (in kg/cm ) are 
presented in table 2.5. The cement-bone interface strength showed unmistak­
able improvement after a period of 6-10 weeks;this must be explained by bone 
ingrowth (see section 2.2.7). 
Experimental period Push-out strength Bone ingrowth 
(weeks) (N/mrn ) 
3 <0.10 
б 1Λ2 -
6 0.67 -
10 0.75 ++ 
10 0.67 ++ 
15 1.44 +++ 
15 5.45* +++ 
Very probably an artefact due to incomplete grinding 
table 2.5 Push-out strength of 50% porous bone cement specimens implanted 
m the forehead of pig. 
no bone ingrowth into the pores of the implant 
initial stage of ingrowth at one or two sites at the periphery 
of the implant 
+ initial stage of ingrowth at more than two sites m the sample 
series of sections 
++ ingrowth further advanced than +, but less than 50% of the 
surface of the implant pores covered by bone as observed m 
median sections 
+V+ advanced ingrowth of bone, more than 50% of the surface of the 
implant pores being covered by bone. 
( courtesy De Wijn 1979a) 
Precisely at the site of the maximum stresses- at the prosthesis-cement inter­
face- the strength of the porous cement itself should be sufficient because 
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little bone ingrowth takes place at this site. From a theoretical mechanical 
point of view (Huiskes 1979) it is in fact undesirable to have full ingrowth 
of bone in the porous cement, for in that case the stiffness of the cement 
and consequently the concentration of stresses on the prosthesis-cement inter­
face would increase again. 
Research has been devoted also to the flexural strength of specimens of po­
rous cement showing complete bone ingrowth (De Wijn 1979a). The results are 
presented in table 2.6. The strength of this porous cement was found to be 
considerably increased, but not to the level of strength of cancellous bone. 
Specimen Flexural strength Angle at 
N/mm fracture 
40% porous bone cement 7.2 - 1.0 _ 11 
50% porous bone cement 
with bone ingrowth 12.9-5.0 - 9 
spongious bone (pig) 19.6 - 3.0 - 7 
table 2.6 Flexural strength and angle at fracture of porous bone cement, 
PBC with bone ingrowth, and cancellous bone. 
(courtesy De Wijn 1979aJ 
The cement-bone contact surface area is enormously enlarged by bone ingrowth 
into the pores. Although the resistance of the bone-cement interface to radial 
compressive stresses is not increased, that to shear stresses is, to a marked 
degree. This ensures better fixation. 
In mechanical terms, the value of bone ingrowth at the bone-cement interface 
is to be sought in particular in reduction of the elastic mismatch between 
bone and cement (Milles et al.1973). 
2.2.7 ИоДодical_reactipns_ 
In his study of side effects of acrylic bone cement, Feith (1975) was the 
first to use porous gel cement in order to lower the polymerization tempera­
ture. In his experiments the femoral medullary cavity was reamed and then 
filled with the above described porous cement, proceeding from the greater 
trochanter. Histological examination after two weeks revealed slightly more 
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cortical osteonecrosis than in the group treated solely by reaming and cleaning 
of the medullary cavity. Regeneration of the necrotic cortical region was sig­
nificantly quicker than that in groups in which normal cement had been intro­
duced, and also quicker than that in groups in which cement with an overdose of 
monomer had been used. 
The histological findings closely resembled those in the group treated solely 
by reaming and suction drainage of the medullary cavity. Endosteal bone appo­
sition after the 7th week was particularly characteristic. Well-vascularized 
bone and bone-marrow were found to grow into the pores of the gel cement from 
the 6th week on. The longer the period of observation, the more bone ingrowth 
was found in the cement pores. Complete restoration of the cortex was observed 
after 6 months, and consequently the situation in the cortex can be character­
ized as transient necrosis, in which the integrity of the cortical structure 
remained intact and the connective tissue membrane between bone and implant 
seemed to diminish in comparison with the solid bone cement. 
This favourable course is undoubtedly attributable to the rapid and intensive 
regeneration of medullary vessels,which were visible in the histological sec­
tions within two weeks. In the group with normal bone cement curing in situ, 
and in that with bone cement with a monomer overdose, only very slow and 
scanty restoration of the medullary circulation was observed. 
The cement which Feith used contained 36.5 wt% of gel (= pores), in which 5 wt% 
of CMC was contained. 
Prior to the study presented here, Van Mullem et al.(1978) studied biological 
reactions to implanted porous PMMA. In order to focus optimally on the reactions 
to the porous cement per se and the influence of the disturbed circulation, 
the investigators opted in favour of implantation of porous cement cylinders 
in the cancellous layer of the parietal bone in pig. They studied the influ­
ence of pore size and the concentration of sodium carboxymethyl cellulose on 
the tissue reaction. Small pores (Θ0 -120/<m) were obtained at a concentration 
of 20 wt% of CMC, and large pores (350 -lOOO^m) at a concentration of 7 wt% 
of CMC in the gel. 
Van Mullem's study showed that contaminations in the CMC were responsible for 
untoward reactions, e.g. necrosis and inflammation, and diminished vessel and 
bone ingrowth. 
« 
In the present study,use was made of purified CMC and of polymeric powder 
without zirconium dioxide contrast medium ( which is known to cause irrita­
tion) . 
The conclusion based on the findings obtained by Van Mullem et al. was: 
small pores (Θ0 -IZOwn) obtained with high concentrations of purified CMC 
give rise to protracted inflammatory reaction and necrosis. The cement of 
this composition should as such be unsuitable for implantation. In spite of 
the reaction, however, complete restoration of the cortex was observed after 
about 15 weeks. But bone ingrowth did not occur. 
Bone cement with large pores (350 -lOOOjim), obtained with 7% purified CMC, 
showed a biocompatibility which was promising for human application: no osteo­
necrosis developed, the inflammation usually disappeared within 3 weeks, and 
bone ingrowth was substantial from the 6th week on. A bone apposition layer 
formed around and in contact with the implant. 
In a pilot study in which total hip prostheses were cemented with porous ce­
ment in dogs ( De Wijn 1979a), no clinical sign of systemic dysfunction was 
demonstrable. All test animals survived the experiment until sacrificed. 
Table 2.7 presents a survey of the groups, numbers of dogs, porosity and CMC 
percentages, and some results. 
Group 
I 
II 
III 
IV 
Porosity volume/ 
CMC concentration 
35- 25 
50- 5 
50- 10 
50- 5 
Number 
of dogs 
9 
15 
9 
8 
Loosening 
of the 
θ 
4 
1 
1 
cup 
Loosening 
of the 
-
1 
2 
-
stem 
Luxation 
-
3 
6 
2 
table 2.7 Groups of porosity volume/CMC concentrations used, number of dogs, 
loosening of cup and stem, and luxations. 
Luxations occurred frequently but were so distributed over the various groups 
that correlation with the type of cement used,failed to show significance. 
When no luxation occurred, the test animal was generally able to place weight 
on the extremity in question after 2- 3 weeks. Macroscopic examination after 
sacrifice revealed no cement fractures; loosening became manifest at the cement-
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prosthesis interface. As in the experiment ( the 80 -120ичроге size group) 
reported by Van Mullem et al.(1978), only delayed connective tissue ingrowth 
and no bone ingrowth was observed in small pores. 
2.3 Summary of the potential advantages and disadvantages of porous gel cement 
Porous gel cement ensures a significant reduction of polymerization heat. 
This is achieved by reduction of the amount of monomer per unit of volume.More­
over, the aqueous gel acts as heat sink. Less thermic damage is therefore caused 
and, moreover, the toxic effect of the monomers is probably less marked at the 
lower temperature. The adjacent tissue recovers more quickly from the implan­
tation, and the fibrous membrane around the implant is thinner. 
Because the porous structure permits of bone ingrowth, the contact surface area 
is markedly enlarged. Fixation is therefore improved, and there is less risk of 
shear failure at the bone-cement interface. The transition from bone to cement 
becomes more gradual, and consequently elastic mismatch is reduced. 
The porous material has a lower modulus of elasticity and higher compressibil­
ity , and consequently the stresses upon loading are reduced. This partly com­
pensates the lower strength of the material. The question whether the material 
is sufficiently strong for use in prosthesis fixation is the subject of this 
study. 
Other unknown factors in comparison with normal acrylic cement are relaxation 
properties, fatigue strength, degree of biodégradation in situ and the change 
in monomer release as a result of the porous structure. 
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CHAPTER 3 
THE HIP-30INT AND TOTAL HIP RLPLACEIENT 
3.1 Introduction 
It is not surprising that the hip-joint was the first joint to be considered 
for replacement with an artificial joint. It is an important joint in human 
locomotion, and subject to heavy loading. 
Commonly observed degenerative lesions of this joint lead to pain and func-
tional limitation which often are severely disabling. 
In view of its simple kinematics, this ball-and socket joint was attractive 
as a subject of the first attempts at so-called total replacement. Much experi-
ence has since been gained in total hip replacement, but one of its compli-
cations - the problem of loosening at the bone-cement interface - has persist-
ed and is well-defined. 
The design, production and application of total hip prostheses are beset by 
many problems such as the materials used, friction and wear. These are not di-
rectly of relevance to this study and will consequently remain undiscussed. 
An exhaustive literature on these problems is available. 
This chapter discusses some aspects of the anatomy, vascularization and histol-
ogy of the proximal femur, with special reference to the changes which occur 
in the case of total hip replacement. The load characteristics of the total 
hip prosthesis and the stress distribution in the system are also discussed. 
3.2 Anatomy 
The hip-joint is a ball-and-socket joint with three degrees of motion freedom, 
i.e. rotations around three perpendicular axes: the flexion-extension axis, 
the abduction-adduction axis and the endo-and exorotation axis. 
Detailed anatomical descriptions of this joint have been published by Backman 
(1957) and Von Lanz and Wachsmuth (1959). The femoral neck which connects the 
femoral head with the femoral diaphysis, extends from proximo-medial to distó-
le 
lateral. The orientation of the femoral neck relative to the femoral diaphy-
sis can be expressed in a neck/diaphysis angle and the angle of anteversion. 
Individual differences in these angles or changes in these angles caused by 
growth and/or pathology have been the subject of detailed research (Billing 
1954; Backman 1957; Werzycki 1957; Von Lanz and Wachsmuth 1959; Rydell 1966). 
The internal structure of the proximal femur comprises a dense cortical layer 
which merges with a network of trabeculae called cancellous bone (figure 3.1). 
The significance of these trabeculae, and in particular their course in ac­
cordance with stress trajectories formed in response to a load, have been de­
scribed by Bourgery (1Θ32). 
These intersecting trabecular systems form two triangles, the medial one of 
which is known as Ward's triangle. In addition there is an internal structure 
called calcar (femoral spur); this is a firm osseous plate situated postero-
medially in the proximal femur, extending to the lesser trochanter and hence 
fanning out vertically in proximal direction to extend into the greater tro­
chanter. Descriptions have been published by Harty (1957) and Tobin (1955). 
Many authors have analysed and described the internal architecture of the 
proximal femur (Rydell 1966), and in particular the relation between bone 
structure and load was the subject of extensive discussions toward the end 
of the 19th century. 
Wolff(1870, 1899) developed the following hypothesis with regard to these phe-
nomena:every change in the functional loading of the bone leads to adaptation 
in its internal structure and its external shape in accordance with mathemat­
ical laws.This functional adaptation to loads, but also the influence of gen­
etic factors,etc., is still the subject of continuing discussions (Frankel 
1960; Rydell 1966; Blaimont 1968; Hayes et al. 1976). 
Pauwels (1955, 1965) suggested that the structure and composition of the proxi­
mal femur are such that optimal transmission of forces is ensured at a minimal 
use of material. He emphasized the notion of remodelling during growth. Garden 
(1961), finally, postulated that the trabecular structure is determined not 
only by mechanical stimuli but also by rotational growth and expansion of the 
femoral shaft. 
k9 
fig.3.1 a. Frontal section of the proximal femur, showing trabecular 
network with Ward's triangle, ж 
b. Dorsoventral section of the proximal femur, showing the 
femoral spur, χ χ 
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3.3 Reactions to intervention in the medullary cavity 
Any intervention in the medullary cavity of a long bone leads to significant 
histological changes in the adjacent tissues. Suction drainage of bone marrow, 
cleaning of the medullary cavity, and in particular reaming of the medullary 
cavity followed by introduction of an intramedullary foreign body such as a 
Küntscher nail or the stem of a prosthesis, cause damage to the endosteal 
circulation; and this circulatory damage gives rise to important structural 
changes in the femur. 
The nature and the course of these changes have been studied in detail in the 
past few decades(Rhinelander et а1.1Уб2,1У71,1У72;КоекепЬегд lS>63;Trueta 1968; 
Danckwardt-Lillieström 1969,1970; Brookes 1971). It is an established fact 
that, after interference with the arterial blood supply, the above mentioned 
structural changes take an identical course in human subjects and in test ani-
mals. 
The arterial circulation of the long bones is supplied by three arteries or 
arterial systems: the nutrient artery, the metaphyseal artery (in combination 
with epiphyseal vessels after closure of the growth plate) and the periosteal 
arterioles. There are two different views on the contributions of these ves-
sels to the arterial supply of the cortex. One holds that the entire cortex 
is supplied by the nutrient artery and the metaphyseal vessels. In this so-
called centrifugal concept( Brooks 1971; Rhinelander 1972), the periosteal 
vascularization is of subordinate importance and supplies only the periosteum 
and a thin cortical zone. Detailed experiments have been performed in an at-
tempt to corroborate this concept. 
The other view is the so-called dual circulation concept, as advanced by 
Trueta (196Θ), Trueta and Cavadlas (196^) and Crock (1967), who maintain that 
only 70% of the cortex is vascularized from the endosteal side, while 30% is 
supplied by periosteal vessels. They therefore postulate a centrifugal flow 
from the endosteal side and a centripetal flow from the periosteal side. 
Moreover, they hold that the venous drainage of the entire cortex takes place 
mainly via the medullary system. 
Feith (1975) published an exhaustive review of the literature on these con­
cepts and stated that the studies of Danckwardt-Lillieström (1969, 1970) 
demonstrated the preferability of the singular circulation concept (centrifu-
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gal concept). 
This is to say that the periosteal system is of subordinate importance in the 
cortical circulation; however, this extraosseous vascularization temporarily 
assumes a markedly increased importance when the situation is changed by intro-
duction of an intramedullary device or by a fracture. 
A brief survey of the pattern of periosteal, endosteal and cortical reactions 
to be expected after an intramedullary intervention shows that these reactions 
are influenced by the extent of the lesion, the animal species involved and the 
maturity of the skeleton (Danckwardt-Lillieström 1У6У, 1970; Slooff 1970; Lind-
wer 1972; Feith 1975). 
The disturbance of the medullary circulation leads to bone marrow necrosis. 
This is followed by ingrowth of (dilatated) vessels and the appearance of new 
myelocytes, which are found a week after the intervention. Many phagocytes are 
observed and also giant cells, which may persist up to 8 months after the trau­
ma. In the medulla, a fibrous network is formed, followed by the formation of 
bone trabeculae. The osteogenic cells probably originate from pluripotent re­
ticulum cells which differentiate into osteoblasts. The bone trabeculae subse­
quently disappear again when cortex and medulla are sufficiently restored 
( Richany et al.1965; Mitai and Cohen 1966). 
Extensive osteonecrosis develops, which begins endosteally and is recognizable 
during the first 24 hours by shrinkage and hyperchromasia of the osteocytes. 
The necrosis extends to two-thirds of endosteal bone. The osteocytes disappear 
from the lacunae; the Haversian canals and the lacunae gradually widen. Within 
24 hours, the extraosseous periosteal vascularization is observed to attempt 
to take over the circulation because this vascularization expands by meandering 
in endosteal direction perpendicular to the cortex, while the lumen of the ves­
sels dilatâtes. 
This vascular proliferation attains its maximum after 2 weeks. At the sane time 
there is osteogenic periosteal activity with bone apposition. 
The osteogenic periosteal activity is described in the literature as 'subperi-
osteal reaction','periosteal apposition', 'provisional callus', 'external cal-
lus', 'new cortex' and 'secondary cortex'. 
At the cortical level, extensive perilacunar resorption is observed during the 
following weeks; this is initially localized in the middle one-third but gradu-
52 
ally extends in endosteal direction. These phenomena are described in the lit-
erature as 'osteoporosis', 'medullization' or'cancellation of the cortex'. 
In combination with the periosteal bone apposition, this cancellation of the 
cortex leads to an increase in the diameter of the long bone. Feith (1975) 
discussed the possible causes of periosteal bone apposition. 
Danckwardt-Liineströin(196y) suspected that ischaemia alone cannot explain the 
extensive and varying degree of subperiosteal bone apposition and cortical 
osteonecrosis. They demonstrated that intracortical bone marrow embolisms can 
be an important cause of the above described changes, tvidently, however, mech-
anical,neural and hormonal factors will also play an important role in the regu-
lation this process. From the 6th week on, restoration is observed on the 
endosteal side, which is characterized by apposition of lamellated bone, al-
though resorption of cortical bone ( infiltrating of blood vessels preceded 
by an osteoclast zone: so-called cutter-heads), still occurs. 
3.4 Hip-joint forces 
Estimates of the hip-joint forces and the direction of these forces on the 
femoral head have been made very early. The magnitude and direction of these 
forces are determined mainly by the body weight (gravity), by the acceler-
ation and deceleration of body parts,by stresses in muscles and ligaments, 
and by the geometry of the hip-joint and adjacent bones. 
Reviews of the literature have been published by Rydell (1966) and Charnley 
(1970). Calculations were gradually based more and more on factual data, which 
initially referred exclusively to static situations. Important work was done 
in this respect by Inman (1947), who based his efforts on EMC studies of the 
hip abductors and on studies by McLeish and Charnley (1970), who used a bas-
cule to examine the forces in vivo. More sophisticated measuring methods were 
gradually evolved, which made it possible to determine the pattern of forces 
with greater accuracy. Initially, values were obtained by gait pattern studies, 
based on measurements made with the aid of so-called force plate. This made 
it possible to register the load transmitted by the foot to the substratum. 
Such studies were performed in numerous normal and pathological situations, 
and before and after total hip replacement as well. Exhaustive reviews have 
been published by Steindler (1955), Paul (1976) and Walker (1977). 
The only hitherto available studies describing intravital measurements of hip-
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joint forces are those published by Rydell (1966) and, more recently, by Eng­
lish et al.(1979). Rydell described a study of two patients given a modified 
Austin-Moore prosthesis after a traumatic fracture of the femoral neck. Elas­
tic strips on this prosthesis made it possible to measure forces exerted on 
the head in three directions. 
Of course the information thus obtained concerned only the surgically treated 
hip. Rydell determined the magnitude and direction of the forces involved in 
activities such as walking, running, negogiating stairs, etc., and his findings 
were entirely determined by the typical geometrical characteristics in the 
patient's hip studied. The maximum average load he measured was about 4.3 χ 
body weight during a run at a speed of 2.5 m/sec (figure 3.2 presents an ex­
ample of measured results). 
Paul (1976) analysed the values he calculated from force plate studies and 
from Rydell's study. After correcting the hip load with the squared product 
of mass and pace length, he found similarities between his values and Rydell's 
with regard to walking. With regard to running, Paul found that the hip-joint 
forces during the standing phase at heel-strike and toe-off can increase to 
6-7 χ body weight. 
3.5 Stress distribution in the components 
This section discusses the manner in which the forces,exerted on the head of 
the prosthesis,are transmitted to the femoral diaphysis via the stem of the 
prosthesis and the cement layer, and considers the associated stresses. Appli­
cation of forces to a fragment of material, e.g. a bone fragment, gives rise 
to stresses and strains in the material. Koch (1917) found that the structure 
of the trabecular bone of the proximal femur is such as to ensure optimally 
favourable stress distribution with minimal use of material ( Wolff's hypoth­
esis; Koch 1917). 
When the integrity of the bone structure is affected, as it is when a hip 
prosthesis is introduced, the mechanism of force transmission is different 
from that in the intact femur. The hip load generates certain stresses in the 
prosthesis, the cement layer, the bone and at the interfaces of the various 
materials; these stresses can give rise to permanent deformation or fracture 
of these materials, or to remodelling of bone. 
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fig.3.2 Magnitudes, directions and points of application of hip-joint 
forces as measured by Rydell (1966) with the aid of an instru­
mental hip prosthesis. 
The type of stress contribution in the construction depends on four groups 
of properties (Huiskes 1979): 
- The magnitude and direction of the external forces, in particular the hip 
load. 
- The geometry of the prosthesis,the cement layer and the bone fragment. 
- The mechanical properties of the three materials, especially their stiffness. 
- The properties of the mechanical connections between the materials at the 
interfaces. 
Data on the stress distribution in the prosthesis-bone system are of import­
ance for our study because comparison of the maximum stress in the cement 
layer with the fracture strength of the modified acrylic cement can give an 
impression of the risks of mechanical failure. 
In addition,data on the influences of the above properties on the stress dis-
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tribution are of importance for an appropriate design of the physical model 
used to test the gel cement in vitro ( Chapters б and 7), for the mechanical 
properties of this model should simulate the real stress distribution as 
faithfully as possible. 
Stresses can be (indirectly) measured only on the external surfaces of a 
fragment of material. Stresses on external surfaces of bone fragments exposed 
to a load have sometimes been measured by means of the stresscoat technique 
and/or extensometry (Brockhurst 1977). However, greater accuracy is attained 
by using strain gauges (Slooff 1970, 1971; Van Heugten 197*1·; Huiskes et al. 
1976, 19Θ1; Huggler et al.1979). 
These strain gauges are glued to the bone fragment studied and locally regis­
ter the strain of the material, from which stresses can be calculated with 
the aid of Hooke's law. Using this technique, Slooff (1970, 1971) demonstrated 
that cementing of hip prostheses causes the load transfer from prosthesis to 
bone to take place more gradually, thus reducing stress concentrations in the 
bone. 
further research using this measuring method demonstrated that the femur be­
haves in approximate accordance with linear beam theory (Huiskes et al.1981). 
Influences of prostheses of varying lengths were studied, and they demonstra­
ted the stress-shielding effect of the stem in relation to the bone; the pros­
thesis stem, which is stiff in material terms, partly takes over the load-
bearing capacity of the bone, and axial stresses in the bone are consequent­
ly lower than those in the natural situation (figure 3.3). 
Huggler et al.(1978), performing similar experiments, glued strain gauges not 
only to the external surface of the bone but also to that of the prosthesis 
stem; they confirmed the stress-shielding effect of the stem, but in addition 
deduced from the stress pattern in the stem that the cement layer on the dis­
tal and the proximal side is probably exposed to high stress concentrations. 
Although these measurements on the surface of materials warranted some in­
teresting general conclusions, they supplied but little conclusive informa­
tion on the stress distribution in the materials (bone, cement and prosthesis 
stem) and at their interfaces. Moreover, it was difficult to study the influ­
ences of the geometrical and material characteristics of the system on stress 
distribution. To obtain information on these influences, one must rely on 
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fig.3.3 Principal stresses m the longitudinal bone direction (the most signifi­
cant stress component m the bone) on circumferential lines at different 
levels. Shown for the intact femur, and the femur provided with a long 
and a short stemmed Müller prosthesis, upon loading of the femoral head 
with a bending moment. Stresses are calculated from measured strain values. 
The 'stress-snieldmg' effect of the stem with respect to the bone 
is apparent. This effect is more pronounced for the longer (thicker) stem 
as compared to the shorter (thinner) stem, and increases from distal to 
proximal, (courtesy Huiskes et al.1981) 
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either physical or mathematical models. Photo-elastic methods are suitable for 
physical model studies. 
Although these can be very useful in the visualization of certain effects, their 
accuracy is limited, their application is laborious.and systems comprising dif-
ferent materials cannot properly simulated. In this respect mathematical models 
afford more and better possibilities (Huiskes and Van Heugten 197^). 
Mathematical models with theoretical stress analyses are based on mechanical 
theories. For simple models it is possible to apply analytical methods, and to 
express the influences of geometrical, material and loading parameters on stress 
variables in equotations. More complex models have to be simulated with the aid 
of numerical (computer) methods (Finite Element Methods), which give less direct 
insight than the analytical methods, but afford better possibilities of real-
istic model design. For the hip prosthesis, finite element methods (Bartel and 
Ulsoy 1975;McNeice et al.l976;Huiskes lV77,1979;Scholten et al.1978;Crowninshield 
et al.1979) as weH as analytical methods (Huiskes 1979,1980) have been used. 
In particular the studies of Huiskes (1979, 1980) have led to a better under-
standing of the influence of geometrical and material parameters of the fixation 
system on stress distribution. In brief, it can be stated that the stress state 
in the cement layer at a random load is a spatial one; this means that a large 
number of stress components play a role, although transverse normal stress and 
axial shearing stress are the principal ones. 
In the prosthesis stem, and by approximation in the bone, only the axial nor-
mal stress is of importance. The stresses in the cement layer are maximal in 
the vicinity of the stem, on the proximal and the distal side. The stress in 
the cement on the proximal side increases with the modulus of elasticity of 
the cement and, of course, with the magnitude of the hip load; and it decreases 
with the modulus of elasticity of the stem material and the compressibility of 
the cement; there is a certain optimum for the thickness of the stem, but the 
stress is not sensitive to the stem length. 
The stress in the cement on the distal side increases with the modulus of elas-
ticity of the stem and the cement, the thickness and the length of the stem, 
and the magnitude of the hip load; it decreases with the compressibility of 
the cement. 
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Given unfavourable combinations of the above mentioned parameters, maximum com­
pressive stresses of about 5 N/inm have been found in the cement on the proxi­
mal side at a hip load of about 1000 N (roughly 100 kg) (Huiskes 1979; Crown-
inshield 1979). This stress can be tripled at a load of k χ body weight; and 
this already exceeds the strength of 5056 gel cement (De Wijn 1979a). 
It is to be noted, however, that on the one hand these values can become even 
higher after bone resorption (femoral spur resorption) and due to insufficient 
cementing, while on the other hand they may be slightly decreased by the lower 
modulus of elasticity and the higher compressibility of the gel cement. 
With regard to the design of the physical simulation model used in our experi­
ments, it can be stated that cement stresses as encountered in vivo can be 
faithfully simulated with it if the principal parameters of the in-vivo system 
and of the model correspond; these are (Huiskes 1979; Huiskes et al.1981): 
- The structural flexural and compressive stiffness of the bone (dependent on 
modulus of elasticity and cross-section dimensions). 
- The structural flexural and compressive stiffness of the stem. 
- The thickness, modulus of elasticity and compressibility of the cement layer. 
- The length of the stem. 
In the test set-up used, the prosthesis stem and the cement are always ident­
ical to those used in vivo;the bone model has to be produced in accordance with 
the above specifications. Since it has been demonstrated that the cement stres­
ses are largely dependent on the magnitude and direction of the hip load (Huis­
kes 1977), a realistic 'worst-case' load must be used for testing the cement 
in the physical model. 
As already mentioned, cement stresses are maximal in the vicinity of the pros­
thesis stem. Cement polymerizing in situ is required only for adaptation of the 
irregularly shaped bone bed to the smooth prosthesis, and for this purpose only 
a thin layer of cement would be sufficient. 
In view of these arguments, use might be made of a prosthesis with a stem that 
has been pre-coated with a layer of PMMA, which layer is stronger than the ce­
ment curing in situ.De Wijn et al.(1973) already mentioned this possibility to 
reduce the total amount of cement,and Huiskes (1979) and Park (197y)already men-
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tioned the stress-shielding effect of this pre-coating: stronger material is 
then available at the site of maximum stresses. 
In our study, this method was tested in animal experiments (Chapter 5) and phys­
ical femur model experiments (Chapter 7). 
Bone ingrowth into the porous layer causes an increase of the modulus of elas­
ticity, and this leads to an increase of the stresses in the cement. The use 
of pre-coating which precludes bone ingrowth therefore causes no disadvantage. 
3.6 Summary 
The hip-joint is a ball-and-socket joint whose shape and substance are related 
to function. Intramedullary intervention of the bone, as in the case of hip-
joint replacement, disturbs the endosteal circulation, which can be temporarily 
taken over by the extraosseous (periosteal) vascularization. Λη intervention of 
this kind is followed by endosteal cortical osteonecrosis. Periostea] bone ap­
position starts after two weeks and is accompanied by bone resorption around la­
cunae in the cortex. After six weeks this is followed by bone apposition on the 
endosteal side. 
The most realistic measurements of hip loads during walking were reported by 
Rydell (1966); the forces involved are applied to the craniomedial anterior sur­
face of the femoral head (all this with a view to the design of a load simula­
tor) . 
Strain gauge measurements of a femur under load reveal the stress distribution 
over the femoral surface. In addition, theoretical stress analyses on the basis 
of mathematical models make it possible to estimate internal stresses. The con­
sequences of certain changes in geometry and material can be simulated for these 
analyses. 
Research of this kind was done by Huiskes (1979), who also supplied data for the 
construction of a physical model of the femur in which porous cement can be 
tested, and for the prediction of the behaviour of porous cement when exposed 
to dynamic loads. 
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CHAPTER b 
THE ANIMAL EXPERIMENT 
k.l Introduction 
For the approach to the problem statement presented on page 1^, we opted in fa­
vour of an animal experiment in which the situation of the loaded total hip 
prosthesis was simulated as faithfully as possible. 
The importance of animal experiments for prosthesis development was emphasized 
by Harms (1978), who especially accentuated the importance of research into 
biological reactions to the implant as a whole, in the form in which it is ul­
timately applied. The crucial point is the histocompatibility of the implant 
under load. Important parameters in assessing the biological reactions are the 
thickness of the connective tissue membrane around the implant, the thickness of 
the regenerated capsule, and the cellular reaction in it (Willert and Puis 1972). 
The histological attention in our experiment focuses mainly on these reactions. 
Total hip replacement using bone cement in a test animal is an experiment with 
many variables. The success of such a procedure depends on the load pattern of 
the hip, the geometry and material properties of the bones involved,the prosthe­
sis and the bone cement used, but also on the nature and specific reaction pat­
tern of the test animal used in such a procedure. Finally, the ultimate result 
is determined also by the surgical procedure and post-operative treatment. 
It is advisable to limit these variables by standardizing test animal,materials 
used and procedure. 
k.Z Material and method 
ή-. 2.1 Ge 1^  aeryli с £eme n t_ 
It has already been pointed out in section 2.2 that pores of porous bone cement 
should be larger than 150 Ц.го if bone ingrowth is to be possible. The pore per­
centage, expressed in weight percents (wt%) of gel, should exceed 30% in order 
to enable effective bone ingrowth into the pores. At a weight percentage of gel 
in excess of 50%, however, strength is diminished (figure 2.6), to such an ex­
tent that the cement can no longer ensure adequate fixation of a prosthesis. 
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polymer powder 
CMC powder 
monomer fluid 
water 
40 g 
if.2 g 
20 g 
55.8 g 
For the experiments to be described we used cement with J5 wt% of gel (35-PDC) 
and with 50 wt« of gel (50-PBC), and a pore size of 200 - 1000 (im. This was 
achieved by including 7% CMC in the water/gel mixture (see section 2.2). 
The composition is shown in table k.l Figure 7.10 gives an impression of the 
pore structure of 35-PBC and 50-PBC. 
Components 5056 gel cement 35% gel cement 
40 g 
2.3 g 
20 g 
30 g 
table 4.1 Components of 50 wt% and 35 wt% gel cernent. 
(R) 
The acryl cement used in this study was Sulfix-6 . This commercial product is 
a very fine powder, which facilitates processing with the monomeric fluid (De­
brunner and Wettstein 1975). Some 15Ж of the fluid consists of the co-monomer 
butyl methacrylate, so that the polymerization heat generation can be reduced 
(Debrunner et al.l976;Semlitsch 1973) ZirconiuM dioxide was added as contrast 
medium. The polymer powder: monomer fluid weight ratio is 2 : 1 for use in PBC. 
For preparing gel acrylic cement the CMC powder is sterilized in a dry environ­
ment at 120 С during a period ranging 2 to 4 hours. 
After weighing, the sterile polymer powder was mixed with the sterile CMC pow­
der. The mixed powder was then mixed with monomer, whereupon water was added. 
This was followed by gentle, and gradually more intensive mixing for 3 minutes. 
Due to the CMC the mixture is sticky, but can be applied with a cement syringe. 
One or two minutes later it can also be handled manually, especially for inser­
tion into the acetabulum. 
4.2.2 Test animals 
Looking at the factors mentioned in section 4.1 a few requirements to be met 
by the animal can be formulated: 
- a load pattern known in magnitude and direction, 
See list of abbreviations. 
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- a reasonable body weight in relation to the size of the hip prosthesis, 
- a hip-joint of sufficient size to permit total hip replacement, 
- ready availability and low cost of procurement, 
- simplicity of care. 
Partly in view of the specific experience of the Central Animal Laboratory of 
the Nijmegen Faculty of Medicine, we used Texel sheep in this experiment (Ovis 
Ammon Aries = domestic sheep, species Texel sheep). 
The hip-joint load in various species of test animals was studied by Harms et 
al.(1978), who defined anatomical features of the hip-joint in test animals so 
far as they differ from human hip-joint features. For example, there is usual-
ly a difference in the ratio between femoral head diameter and neck length and 
that between femoral diameter and femoral length. Moreover, there is a differ-
ent angle between pelvis and femur and a different load pattern. 
Data on the load pattern they observed in dogs are presented in figure 't·.! , 
which shows that, in step, the hip load in the dog is much less than that in 
man. At a gallop, however, this load significantly increases and may even equal 
human values in walking, if only briefly. Due to the different angle between 
femur and pelvis in quadrupeds, the load in the sagittal plane is much larger 
in relation to that in the frontal plane. 
hip-load/body weight 
t 
6-
human walking 
dog-step/trot 
dog-gallop 
- • t i m e 
fig.4.1 Hip load /body weight quotient versus step-time in man (normal walk) 
and dog (step, trot and gallop), (courtesy Harms et al.1978) 
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Since the stresses in the cement are determined not onJy by the load ori the 
prosthesis but also by geometry and material (mechanical) properties, a compari­
son between the human and the animal hip load does not as such supply suffi­
cient data to reach a conclusion about the suitability of the test animal. The 
cement load at the point where cement stresses are maximal (at the proximal 
end) can be estimated by methods described by Huiskes (1979). 
Taking into account approximations of the principal dimensions of the bone, 
prosthesis and cement layer, and the elastic properties of the materials, it 
follows from equations evolved by Huiskes (1979) that: 
maximum cement stress sheep ^  3 hip load sheep* 
maximum cement stress man 2 hip load man 
It follows from this (gross) approximation that the maximum cement load in 
sheep (assuming that the hip load of sheep corresponds with that of dogs (fig­
ure 4.1)and that man and sheep have the same average weight) at a gallop is 
more than 150% of that of man when walking normally. In step, the maximum ce­
ment load in sheep should be about 15% of that in man (same assumption as 
above). 
From recent measurements of the hip load in sheep with the aid of strain gauges 
in a cemented hip prosthesis, Bergmann et al.(1980) concluded that during 
the stance phase the characteristic load pattern of the sheep hip roughly 
equals the hunan hip load as measureo by Куае11(1966). The magnitude is about 
W% of the sheep's weight, and more or less independent of the speed of loco­
motion. If these data are related to the size of the sheep femur and the pros­
thesis, then the stresses in the bone should be about the same in man and 
sheep according to these authors. 
χ 2 
As a measure for comparison of the cement load s (N/mm ) we take the bending 
moment ( M , Nmm) at the proximal end in the prosthesis, which must be 
transferred to the femur. 
According to Huiskes (1979): 
sr=ïïA2t(1-4)Mo 
1 F 
M = PI 
о 
with: Α. = •íCt . 1 1 A 4 , £. =
 v
—Ц^ t
 U (Fr + Г >] t Fb+ Fs b s 
where Ρ is the hip load (N), and other parameters are shown in table 4.2. 
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Man Sheep 
1 
d 
Ct 
F
s 
rb 
et 
s 
г 
neck length 
Α-P stem diam. 
cem.layer stiffness 
stem rigidity 
bone rigidity 
rej.stem rigidity 
coefficient 
cement stress 
mm 
mm 
N/mm 
Nmm 
Nmm 
_ 
-1 
mm 
N/mm 
20 
12 
18,000 
6 Λ χ 10θ 
7.6 χ 10 θ 
0Λ5 
0.06 
6.6 χ 10"3Ρ 
10 
7 
3,800 
0.6 χ ΙΟ 8 
1.2 χ ΙΟ8 
0.33 
0.07 
ЭЛ χ ]0"3Ρ 
table 4.2 Estimated values for the various parameters for man and sheep. 
However, Bergmann's findings indicated striking differences in the magnitude 
and direction of the hip load during the swinging phase. On the basis of these 
preliminary results, they concluded that prosthesis fixation in the sheep hip 
is much more severely tested than in the human hip. To verify these hypotheses, 
however, stresses in the cement would have to be calculated as already men­
tioned. 
Detailed data on the anatomy and topography of the sheep hip have been presented 
by Popesko (1968) and May (19640. 
fig. 4.2 Sheep pelvis and femur, forming the hip-jomt. 
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Osteological data are presented in figures 4.2 and 4.5. The femoral head is 
circular in the sagittal plane of the femur, and ellipsoidal in the frontal 
plane. The sagittal diameter is about 25 mm. The femoral neck is short and 
there is virtually no anteversion; the neck/diaphysis angle is about 100 . 
The femur consists of a fatfilled tubular structure (diaphysis) with an outer 
diameter of 2.0 - 0.2 cm and a length of 19 - 0.5 cm. It contains only a small 
amount of cancellous bone, localized at the metaphyseal and epiphyseal ends. 
The nutrient foramen is localized on the ventromedial aspect of the proximal 
femur. In the sagittal plane, the femur/pelvis angle is 70 . The acetabular 
part of the pelvis is gracile (figures 4.2 and 4.5). The articular surface con­
sists of a thin, hardly overroofing bone structure with an interna] diameter 
of about 25 mm. The amount of bone material available for fixation of the pros­
thesis cup is therefore small. The pelvis angles 35 from the horizontal. 
The capsule, ligaments and musculature permit only limited internal and ex­
ternal rotation, and this means that for operative exposure it is necessary to 
perform osteotomy of the greater trochanter. The range of flexion, extension, 
abduction and adduction is 80 , 30 , 30 and 45 , respectively. 
In our experiment we used healthy young adult sheep (about 2 years old) with 
an average body weight of 64 kg. Skeletal growth was completed in these ani­
mals. The amount of subcutaneous adipose tissue is limited and poses no prob­
lem for the operative procedure and roentgenography. Some of the ewes selected 
for this experiment proved to be pregnant. These ewes were treated preoper-
(R) 
atively with 5 ml Lutalyse (Dinoprost , Upjohn). Some of the ewes neverthe­
less produced healthy lambs after total hip replacement. 
4.2.3 The hІ£ £Гosthésis_ 
The hip prosthesis used was one manufactured by the firm of Sulzer (of Prota-
(R) 
sul 10 ) for large dogs (figure 4.3). The endoprosthesis has a stem of 8.5 cm 
length and a cup diameter of 15 mm. The cup is made of ultra-high molecular 
weight polyethylene (UHMWPE) customarily used in human prothesiology; its ex-
ternal diameter is 30 mm. Two versions were used, as indicated in figure 4.3. 
In the course of the study the shape of the cup was slightly modified; bevel-
ling was omitted (figure 4.3a) and the depth of the cup was increased (figure 
4.3b), which may well have enhanced stability. 
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f ig.4.3 Total hip prosthesis for sheep. Stem material .· Protasul 10. 
Cup material : UHMNPE (Sulzer). 
The dimensions of the prosthesis stem are such that it can be completely sur-
rounded with cement after implantation. The prosthesis has no real collar but 
a superficial rim, so that the proximomedial edge practically does not rest on 
the femoral spur. 
Maximum stress concentrations in cement are known to develop at the prosthesis-
cement interface, where contact is established between two materia]s of widely 
different moduJi of elasticity. If it fails, the cement is likely the first to 
fail here as have been discussed in the final paragraphs of section 3.5 (Stress 
distribution in the components). The possible advantages of stress shielding 
by pre-coating the metal stem with relatively stronger solid PMMA has been dis-
cussed there as well. 
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fig.4.4 Total hip prosthesis for sheep, a.Normal size. b.Slimmed-stem pros­
thesis. с .Aery lie-coated slinined~stei7i prosthesis. 
To investigate these advantages is why experiments were also performed using 
a prosthesis with a ground-down metal stem (figure ЬЛЬ), which is more elas­
tic and has been pre-coated with solid acrylic cement until its diameter 
(figure 4 Лс) exceeds that of the origina] prosthesis (figure ^ Л а ) . Conse­
quently the porous cement and the porous/solid cement transition are localized 
further away from the metaJ prosthesis stem, in an area where lower stresses 
prevail so that failure is less likely. An additional advantage is that the 
amount of cement curing in situ is less large and the rise in temperature 
therefore less marked; moreover, less monomer is present which might give 
rise to histotoxic effects. 
^. 2. k Di ν is ion_into £rou£S_ 
The division into several experimental groups is shown in table 4.3. In order 
to ensure that in evaluating the experimental results, the influence of the 
test animal, prosthesis, operative procedure and post-operative treatment was 
excluded (as far as possible). The results in the porous cement groups 35-PBC 
and 50-PBC were compared with each other and with those in a group of test ani­
mals in which solid acrylic cement had been used. In addition (and for rea-
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sons already mentioned), we studied a group of sheep given a prosthesis with 
an acrylic coated thin stem. Finally, there was a small group of sheep not 
given a prosthesis but treated by trochanter osteotomy, removal of bone marrow 
from the medullary cavity and filling of this cavity with porous cement. This 
group was used in an effort to gain an impression of porous cement, bone in-
growth and histocompatibility in an unloaded situation . After a pilot study 
of b sheep, 33 sheep were operated on for the final experiment. 
No.of Cement Procedure Sacrificed after 
sheep Porosity 
% 6w 3m 6m lv 
3 50 total hip 
2 
2 35 total hip 
2 
1 
2 0 total hip 
2 
2 
2 50 slimmed 
stem t.h. 
2 +massive 
? acrylic 
coating 
1 50 no pros-
thesis-1 filling up 
1 of femur 
33 
table 4.3 Number of sheep treated, cement and prosthesis used, operative 
procedure and post-operative follow-up time. 
w = week; m = month; y = year. 
4.2.5 Operative technigue J_ postoperative ^reatmervt 
The animal was premedicated with 1.5 mg Atropine. The operation was performed 
after 24 hours fasting. Anaesthesia was induced by intravenous injection of 
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30 mg pentobarbital sodium (Nembutal ) per kg body weight. After intubation, 
anaesthesia was continued with halothane and nitrous oxide/oxygen under arti-
ficial ventilation (bngstrbm ventilator). Preoperative and postoperative anti-
biotics were not routinely used. The sheep was placed in the left lateral re-
cumbent position. An ample area of the skin of the hip was shaven and painted 
(R) 
with Bethadine , decreased with alcohol and painted with iodine. The oper-
ation was performed urider general aseptic precautions. 
A straight incision of 10-lb cm was made over the anterior margin of the glu-
teobiceps muscle, extending from halfway the femur to a point 5 cm beyond the 
spine. The subcutis and fascia lata were divided at the level of the hip-joint 
The lateral and caudal aspects of the trochanter were dissected free (vastus 
lateralis muscle and gluteus médius muscle, respectively). An oblique trochan-
ter osteotomy was done from the laterodistal to the medioproximal aspect. The 
capsule was dissected free and the small external rotators were severed. Fol-
lowed excision of the capsule and osteotomy of the femoral neck (kb in rela-
tion to the sagittal plane; 0 anteversion), whereupon the femoral head was 
resected. The femur was then mobilized-and a prosthesis bed was prepared in 
the acetabulum and the metaphyseal and diaphyseal spaces. After a trial repo-
sition, the prosthesis components were cemented in two stages. 
The entire femoral shaft was filled with cement, surrounding the prosthesis 
completely. Fixation of the greater trochanter with the aid of crossed cer-
(R) 
clage wire. Muscles, fascia and subcutis closed in layers (knotted Vicryl 
(R) 
sutures). Skin closed with knotted Supramid sutures. 
The total duration of the procedure was 90-120 minutes. 
After the operation the sheep were briefly accomodated in a pen with a floor 
2 
surface of 3 m . Most sheep could stand and walk taking partial weight within 
an hour after the operation. They were transferred to a farm after a few days 
and either given grazing or fed in a commodious stable. 
k.2.6 Postoperative £ollow-u£ 
A postoperative roentgenogram was obtained to assess the position of the pros-
thesis (see subsection ^.2.8). This was sometimes done after sedative premedi-
(R) 
cation with 0.3 ml Xylazine (Rompun , Bayer) intravenously. 
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The postoperative follow-up was carried out after varying intervals: 
Duration of experiment 6 weeks 3 months 6 months 1 year 
Intermediate check-up after 2 weeks ¿f weeks 2 months б weeks 
4 weeks 2 months Ц- months 3 months 
6 weeks 3 ninths б months 1 year 
At each check-up the weight was measured, fluorochromes were injected (see sub­
section 't·.2.10), the treated hip was X-rayed (see subsection ^.2.8) and an evalu­
ation was made of fractures, luxations, loosening of the prosthesis and ec­
topic calcifications, if any. Finally, the function was assessed and graded as 
follows: 
Grading of function (treated hip) 
0 - not used at all 
1 = supported incidentally 
2 = loaded in standing position and incidentally while walking 
3 = loaded in standing position and while walking, but with a limp 
A- = normal walking and standing pattern. 
The animals were sacrificed by intravenous injection of an overdose of Nembu-
(R) 
tal (pentobarbital sodium). As profound anaesthesia ensued, exsanguination 
was effected as well as possible by severance of the carotid artery. 
The treated hip was dissected, and the macroscopically visible degree of ectop­
ic calcification was graded as follows: 
Grading of ectopic calcification 
0 = none 
1 = a small amount 
2 = clearly visible 
3 = much, impairing hip function 
Ψ = massive, immobilizing the hip. 
The specimen was examined for luxation, fracture or other pathological phenom­
ena. After incision of the newly formed capsule, femur and prosthesis were 
dissected out, cutting around the acetabulum. The prosthesis (stem and cup) 
was then examined for fixation, which was graded as follows: 
Grading of prosthesis fixation (stem or cup) 
0 = completely loosened and extractable without any force 
1 = slightly movable 
2 - stable, but extractable by hand 
3 = stable and extractable only by hammer blows. 
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In cases in which the prosthesis could be extracted without damage to the ce-
ment layer, a band saw was used to cut sections perpendicular to the longitu-
dinal axis of both the acetabulum and the femur, at the levels indicated in 
figure íf.5. If the prosthesis could not be extracted without damaging the 
cement, then the same procedure was carried out with the aid of a diamond saw. 
This material was used for histological examination and processed as described 
in subsections ^.2.8 and 4.2.9. 
Histological processing 
A 
В 
F . femur 
and 
stem 
·> ч 
i 
acetabulum and cup 
fig.4.5 Levels of dissection for histological preparation of sheep femur 
and acetabulum. 
At microscopic examination of the histological sections, the integrity of the 
cement and the bone ingrowth were graded as follows: 
Grading of porous cement structure 
1 = partly crushed 
2 = reasonably intact 
3 = completely intact. 
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Grading of bone ingrowth 
0 = none 
1 = limited to the endosteal side 
2 = progressive, exceeding 2 mm locally 
3 = more than 50% of the pores filled. 
The degree of tissue reaction was expressed as density of fibrous tissue 
around the implant and in the pores, degree of fibrous tissue necrosis (if any) 
and inflammatory cell reaction, which were graded as follows: 
Grading of fibrous tissue density 
1 = loose 
2 = intermediate 
3 = dense. 
Grading of fibrous tissue necrosis 
1 = ranging from none to scattered areas of necrosis 
2 = moderate amount of necrosis 
3 = general necrosis. 
Grading of inflammatory cells 
1 = none 
2 = occasional occurrence 
3 = ranging from frequent occurrence to general inflammatory reaction. 
The cellular infiltrate was studied qualitatively as well, and described. 
Finally, the reaction of the cortex to the cement was studied. The reaction of 
the cortex reflects the effect of the intervention in the medullary cavity and 
the degree to which a cement type (see cement groups) has a traumatizing ef-
fect (see research model of Feith 1975). These reactions were studied on the 
basis of the degree of cortical necrosis, deduced from the amount of dead 
bone and the degree of cancellation of the cortex, graded as follows: 
Grading of cortical necrosis (osteocyte death) 
0 = none 
1 = less than one-third of the cortex 
2 = one-third of the cortex 
3 = more than one-third of the cortex. 
Grading of cortical cancellation 
0 = none 
1 = minimal 
2 - one-third of the cortex on the periosteal and/or the endosteal side 
3 = more than one-third of the cortex. 
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¿f.2.7 Statistics 
Ц-. 2.7.1 Introduction 
The results of the animal experiment were further analysed by statistical 
methods. Generally speaking the meaning of deviating observations can be made 
clearer after statistical analysis. However, the nature of the experiment per­
mitted the use of only small numbers of test animals for the various groups 
and sacrificed after varying survival periods. 
Consequently it was difficult to demonstrate statistically significant dif­
ferences. 
4.2.7.2 Macroscopic findings 
The variables studied were : locomotor function after 6-8 weeks, locomotor 
function after 3 months, fixation of prosthesis cup and stem in acetabulum 
and femur respectively, and degree of ectopic calcification around the im­
plant. A sheep with a fracture 3 months after operation was excluded from the 
analysis of locomotor function after 3 months. In the analysis of fixation of 
prosthesis components, all sheep with a fracture were excluded. In the analy­
sis of the degree of ectopic calcification, all infected sheep were excluded 
(because infection per se promotes the process of ectopic calcification). 
The time of sacrifice was taken into account in the analysis of stem fixation 
and ectopic calcification. This analysis was carried out in the same way as 
that for microscopic variables (subheading 4.2.7.3). The time of sacrifice 
was not taken into account in the analysis of hip function. 
The Kruskal-Wallis test (Kruskal and Wallis 1952; Rümke and Van Eeden 1961) 
was applied to demonstrate significant differences in hip fixation and loco-
motor function between the five groups. The hypothesis tested for this pur-
pose was that the fixation scores and locomotor function scores were not sys-
tematically higher or lower in any of the five groups. When this hypothesis 
was rejected, separate Wilcoxon tests were applied (Wilcoxon 194b; Rümke and 
The statistical analysis was performed by the Department of Statistical 
Consultations (MSA), University of Nijmegen, under responsibility of 
Dr R.de Graaf. (This study registered there under number MSA 77025). 
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Vari Eeden 1961) to each two groups in order to establish between which groups 
systematic differences existed. In this respect it should be borne in mind 
that every statement based on such a Wilcoxon test has its own level of sig-
nificance. If the hypothesis of equality should be rejected for each test with 
a level of significance of, say, 1056, therefore, then the entirety of state-
ments on systematic differences would have a much higher level of significance. 
In order to prevent this, lower levels of significance must be accepted per 
test, and a conclusion in favour of a systematic difference is warranted only 
at lower p-values. All-in-all,the separate Wilcoxon test results with p-values 
not much less than 10% (e.g. between 1% and 10%) should be interpreted with 
extra caution. 
4.2.7.3 Microscopic findings 
The microscopic findings were classified by group and by survival period. 
Sheep with an infection in the area of operation were excluded from statisti-
cal analysis of these findings. Sheep with a fracture were likewise excluded, 
except with regard to cortical necrosis and cancellation. 
Two-way analysis of variance (H.Scheffé 1959) was applied, so that the time 
of sacrifice was taken into account in the comparison of the various groups. 
Moreover, this analysis was applied in order to establish whether significant 
differences existed between the survival periods. Only 50-PBC observations 
remained for the one-year follow-ups; only one score was generally aval]able 
( for the cortical necrosis and cancellation two scores were always available). 
These observations exert no or only a very slight influence on the study of 
inter-group differences, and impede the interpretation of the results of the 
study of differences between the times of sacrifice. They were therefore not 
considered in this analysis of variance. This left us with an almost complete 
two-way lay out. 
For assessment of the microscopic observations each of the levels Ac,B, С , D 
and E was usually analysed. These levels are characteristic for the entire 
prosthesis: Ac lepresents the situation around the prosthesis cup,В the level 
of load introduction exactly beside the femoral neck osteotomy (where maximum 
histological and macroscopic changes occur), С the area halfway the stem, where 
the least activity around the prosthesis is expected, D the tip of the prosthe-
75 
sis stem, and E the area distal Lo the prosthesis. 
The mean of levels С and D and of levels В, С and D was aJso anajysed: С and 
D as representative of that part of the prosthesis stem that is subject to 
least activity (excluding B, therefore), and В, С and ΰ as reflecting the ef­
fect of the entire prosthesis. These mean levels were used to facilitate deter­
mination of systematic inter-group differences. 
For these mean levels, the averaged scores were established and then rounded 
off to a round figure; only when the mean score was exactly j , l-x or 2-p was 
the mean Itself used as score. In the case of В, С and D, therefore, the sco­
res ^, 'T» Ι-?ι 1-Г) 2^, and 2гт were rounded off upwards or downwards. Rounding 
off was done as much as possible because the original scores do not have an 
interval scale so that it is difficult to establish, for example, whether the 
score combination (1,3,3) for В, С and D, respectively, should be given a 
higher value than the combination (2,2,2). Scores for D were occasionally lack­
ing, and in that case level С was considered instead of the mean of С and D, 
while the mean of В and С was considered instead of the mean of levels В, С 
and D. 
In view of the remaining incompleteness of the two-way lay out (not for all 
groups were observations for each of the three sacrifice times available), 
analyses of variance were carried out on the basis of an additive model. This 
is to say that it was assumed each time that the magnitude of a difference be­
tween two groups was the same for each of the relevant survival periods. In 
other words: a difference between two survival periods was the same for each 
group. 
In the vast majority of the oases this assumption was not contradicted by the 
result of the interaction test of the analysis of variance which was used to 
test the hypothesis of additivity. In the remaining cases the absence of this 
additivity will be discussed if necessary. 
The ultimate objective was to test the hypothesis that there were no inter-
group differences for each of the sacrifice times (i.e. no differences between 
these groups for which observations on the sacrifice time in question were 
collected). When this hypothesis was rejected, Scheffé's contrast method (1959) 
was used in an attempt to establish whether this was largely caused by the 
difference between two groups or (and) by the difference between the cement 
group (without prosthesis) and the mean of the other groups. 
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Such a difference concerns each of the sacrifice times when the theoretical 
means with regard to the two empty cells in the two-way layout should have 
values which are in accordance with the additive model. For example: the mean 
value in a 35-PBC treatment after six weeks should be such that the difference 
from ЬО-РВС treatment is the same as the difference after three months. All 
statements based on such a Scheffé analysis, together with the overall analy-
sis of variance result, have a common level of significance. 
It is to be noted that, in view of the nature of the scores, analysis of vari-
ance are not necessarily always applicable. This is why the results were always 
verified on the basis of distribution-free Kruskal-Wallis tests. Only when it 
was suspected on the basis of the analysis of variance that the survival period 
influenced the observations were the Kruskal-Wallis tests as a rule also per-
formed separately per survival period; this is of importance in particular when 
the time influence is not the same for all groups (i.e. in the presence of in-
teraction). It should be pointed out, however, that such separate tests per 
sacrifice time are often discriminating due to the limited number of observa-
tions. When no time influence was found, we confined ourselves to one Kruskal-
Wallis test for all observations (including the one-year scores). 
4.2. θ Rad i о logica ] _t ech ηiLque_ 
Immediately after the operation, while the anaesthesia was being discontinued, 
a control X-ray of the treated hip was taken in order to determine the position 
of the prosthesis and the shape of the femur as a basis for subsequent follow-
ups (figure k.6). For this purpose the test animal was placed in lateral recum­
bent position, and the treated femur was held in slight abduction and extension. 
fig.4.6 X-ray of a sheep hip with total hip implanted. 
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The roentgen film was held perpendicular to the substratum parallel with the 
pelvis (cassette at an angle of about 40 with the spine). The centre of the 
roentgen beam was focused on the deepest point of the inguinal region at the 
site of the femoral head, perpendicular to the film. 
For subseguent follow-up X-rays a slightly modified technigue was employed be­
cause the animal was under anaesthesia for a longer time. The X-rays obtained 
by both techniques were comparable. With this modified technique the animal 
was placed supine with the pelvis parallel to the cassette, the beam being 
focused on the femoral head perpendicular to the cassette. 
In a few instances the sheep did not readily tolerate this procedure but showed 
fright-like reactions. Since such reactions may temporarily place a high load 
on the prosthesis, thus possibly giving rise to cup luxation, fracture or loosen­
ing of the prosthesis, the procedure was carried out if necessary after seda-
(R) 
tion with Xylazine (Rompun ). 
4.2.9 H i s t о log ica l_tech ηi^que_ 
For histological examination of the femur and acetabulum, three slices (0.5 cm 
thick) were cut at each of the levels indicated in figure 4.b. These slices 
were fixed in phosphate buffered formalin (4%, pH 7.0) during three days. 
One slice was freeze-dried after rinsing in tapwater, and embedded in polyester 
resin for study of injected fluorochromes. For this purpose the freeze-dried 
specimen was infiltrated during 15 hours with polyester resin (type 5132 , 
Frencken, Weert, The Netherlands), without catalyser, under vacuum. The tissue 
was then transferred to polyester resin to which the catalyser (Luperox, Delta S) 
had been added (0.5 ml/100 ml). For polymerization, this mixture was kept at 
-20 С for 24 hours, at 4 С for the next 24 hours, and finally at room tempera­
ture. This ensured adequate curing without bubble formation. A diamond saw was 
then used to cut 100 urn sections from the cured blocks, whereupon the sections 
were polished, placed on a slide and enclosed in Eukitt and studied with the 
fluorescence microscope. 
The remaining two slices were decalcified in EDTA (25%, pH 7.2) after fixation 
X-ray apparatus : Philips Super Practix. 
Setting: 20 mA/72 kV/1 sec/distance 70 cm. 
X-ray film : Kodak RP/XRR-1 and universal phs 1 screen. 
7Θ 
and, after dehydration, embedded in either Paraplast or polyethylene glycol. 
A Jung К microtome was used to cut sections of 7-8Mmfrom the tissue embedded 
in Paraplast as well as that embedded in polyethylene glycol. Embedding in poly­
ethylene glycol was chosen because in the procedure of Paraplast embedding the 
acrylic cement is totally dissolved so that no conclusive evidence of ingrowth 
into the pores can be obtained. 
The decalcified specimens were dehydrated for this purpose in a series of mix­
tures of increasing concentrations of polyethylene glycol 1500 with water. 
Via polyethylene glycol 1500 (100%) followed embedding in polyethylene glycol 
й-00/1500 at a ratio of 5:95. The polyethylene glycol sections were stretched 
on a 'floating fluid' described by Zugibe et al. (195Θ) and, after drying, 
coated with a layer of gelatin to prevent detachment. All sections were stained 
with haematoxylin-eosin ^nd then enclosed in a glycerin-gelatin mixture. 
4.2.10 F]uorochrome_labelling_ 
Intermediate fluorochrome labelling is a method par excellence to study the 
dynamics of bone growth (Harris J9é0; Olerund and Lorenzi 1970; Rahn 1973; 
Rahn (Zeiss)). The fluorochromes used are listed in table kA; they were in-
jected at regular intervals during the postoperative follow-up times indicated 
in table 4.3 and on page 71. 
Fluorochrome 
Xylenol orange 
Calcein 
Terramycin 
Alizarin-
Complexon 
Dose 
body 
Θ0 
20 
50 
30 
per 
wei 
mg 
mg 
mg 
mq 
kg/ 
ght 
Mode of 
administra­
tion 
i.v. 
i .v. 
i.v. 
i.v. 
Fluoroscence 
vertical illi 
colour in 
position 
pink 
yellow 
white 
orange 
1 
microscope 
jminator III RS 
position 3 
orange 
green 
yellow 
red 
table 4.4 Fluorochromes injected for sequential labelling. 
The fluorochromes Xylenol orange, Calcein and Alizarin-Complexon all have a low 
systemic toxicity in the doses given, and no local effect on calcification. 
It is known that Terramycin can have a mild inhibitory effect on bone formation. 
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To study and photograph these specimens we used a modified Zeiss universal 
microscope with fluoroscence device, vertical illuminator H I RS and camera 
LS-matic (Verhofstad et al. persona] communication). Transmitted light exci­
tation was employed. The optical system had the following composition: 
Light source 
III RS (position 3) with: 
( blue light excitation) 
III RS (position 1) with: 
(UV excitation) 
high-pressure mercury vapour lamp OSRAII 
HBO 200 №/4 
heat absorption filter KG 1 
red absorption filter BG 3Θ 
excitation interference blue filter KP 500 
excitation interference blue filter KP 4-90 
dichroic interference mirror FT 510 
barrier filter LP 520 
UV-permeable black glass UG 1 
dichroic interference mirror FT 420 
UV-barrier filter LP 418 
Objective Neofluar 6.3/0.2 
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CHAPTER 5 
RrSULTS 0Γ THE ANIMAL EXPERIMENT 
5.1 Introduction 
This description of results is divided into macroscopic and microscopic find­
ings and based on the gradings indicated in subsection 't·.2.6. This semi-quan­
titative characterization of the observations provided a clear impression of 
possible differences between the groups. The data were statistically analysed 
using the methods indicated in subsection Ч-.2.7. The scores always showed a 
fairly even distribution of all grades, indicating that the grading chosen for 
each of the criteria of evaluation was adequate. 
5.2 Macroscopic findings 
The macroscopic scores obtained during the postoperative periods and after 
sacrifice are summarized in tables 5.la through 5.Id. 
5.2.1 Weight_ 
Most sheep showed some weight loss during the first few postoperative weeks. 
The weight changes over the entire follow-up period, however, showed no charac­
teristic course (table 5.1a). Typical patterns which could be related to func­
tion or prosthesis fixation (and therefore to cement porosity) were not observed. 
5.2.2 Ec to£ic £a_lei f j_ca t ions_ 
The scores after sacrifice showed the following distribution of grades: 
Grades 0 (none) and k (massive, immobilizing the hip) were least frequently 
observed, followed by grades 1 (small amount) and 3 (much, impairing hip func-
tion). Grade 2 (clearly visible) was most frequently encountered (table 5.1b). 
Fairly considerable amounts (grades 2 and 3) were regularly found after 6 weeks. 
Some slight diminution of ectopic calcifications seemed to occur after survival 
periods of б months and longer, although analysis of variance revealed no sig­
nificant time effect. 
The degree of ectopic calcification found at sacrifice was sometimes higher 
but rarely lower than that found on X-ray. This is perhaps explained by the 
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table 5.1a Postoperative 
w = weeks; m 
follow-up of sheep weight m kg. 
- months; y = year. 
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Cement 
group 
50-PBC 
35-PBC 
0-PBC 
50-ГРВС 
50-CPBC 
Follow-
up 
6vv 
3m 
6m 
iy 
3m 
6m 
iy 
6w 
3m 
6m 
6w 
3m 
6m 
6w 
3m 
6m 
Sheep 
No 
3 
4 
6 
95 
53 
52 
1 
21 
51 
65 
84 
91 
81 
7 
9 
13 
12 
5 
3G 
5G 
8 
2G 
2 
IG 
60 
16 
15 
12G 
13G 
4C 
IG 
6G 
7G 
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0 
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-
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_ 
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_ 
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-
-
-
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2 
2 
_ 
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0 
0 
1 
0 
» 
-
2 
0 
-
0 
0 
0 
_ 
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Ectopic 
X-ray 
6\v 2m 
2 
2 
2 
0 
. 
-
-
0 
0 
2 
2 
0 
0 
_ 
-
0 
2 
3 
0 
2 
_ 
-
2 
1 
1 
-
0 
0 
2 
_ 
-
2 
2 
_ 
2 
2 
1 
_ 
-
-
-
-
-
2 
2 
. 
-
-
1 
1 
. 
-
1 
-
1 
3 
« 
-
cal· 
3m 
2 
2 
2 
-
1 
1 
2 
2 
2 
1 
3 
4 
2 
2 
3 
1 
1 
1 
1 
0 
1 
3 
3 
2 
1 
cifi 
6m 
2 
1 
1 
2 
2 
2 
2 
3 
3 
2 
2 
0 
2 
1 
cation 
iy 
1 
1 
Ц-
tiacroscopic 
findings at 
sacrifice 
2 
2 
3 
2 
2 
2 
3 
3 
2 
1 
2 
1 
1 
2 
3 
1 
3 
4 
2 
2 
1 
1 
0 
2 
1 
0 
0 
3 
0 
k 
3 
2 
1 
Com-
pli-
ca-
tions 
D 
I/D 
D/Fr 
ϋ 
D 
f-r 
Fr 
[) 
D 
D 
Ü/I 
I 
D 
D 
D/I 
D/Fr 
table 5.1b Postoperative follow-up on ectopic calcification by X-ray evalu-
ation and macroscopic evaluation at sacrifice.Grading of ectopic 
calcification: 0 = none; 1 = small amount; 2 = clearly visible; 
3 = much, impairing hip function; 4 = massive, immobilizing the 
hip. D - dislocation; I = infection; Fr = fracture ; w = weeks; 
m = months; y = year. 
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-
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-
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-
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3 
3 
_ 
-
-
-
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-
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3 
-
-
-
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-
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-
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0 
1 
3 
2 
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2 
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3 
3 
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3 
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3 
0 
3 
3 
3 
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3 
3 
3 
3 
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3 
2 
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plica­
tions 
D 
i/o 
D 
D 
l-r 
Fr 
D 
D 
D 
D/I 
I 
D 
D 
D/I 
D/Fr 
taue 5.2c Postoperative follow-up on hip function. Grading of function: 
0 = not used at all; 1 = supported incidentally ; 2 - loaded m 
standing position and incidentally while walking; 3 = loaded m 
standing position and walking, but with a limp; 4 = normal walking 
and standing pattern. D - dislocation; I = infection, Fr = fracture. 
w = weeks; m = months; y = year. 
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Cement Follow- Sheep Fixation at sacrifice Compli-
group up No cations 
Prosthesis Prosthesis 
stem cup 
50-PQC 6w 3 0 i D 
f 2 0 
6 1 2 I/D 
3m 95 0 0 D/Fr 
53 3 3 
52 3 3 Ü 
1 2 1 
6m 21 1 1 
51 1 1 
65 0 O D 
84 0 1 Fr 
ly 91 0 3 
öl 0 3 Fr 
35-РВС 3m 7 3 3 ΰ 
9 2 3 D 
6m 13 3 3 D 
12 2 3 Ü/I 
ly 5 2 О I 
0-PBC 6w 3G 3 0 D 
5G 3 3 
3m 8 3 0 
2G 3 3 
6m 2 3 3 
IG 3 3 
50-FPBC 6w 60 
3m 16 -
6m 15 -
50-CPBC 6w 12G 3 O D 
13G 3 3 
3m 4G 3 0 D/I 
IG 0 2 D/Fr 
6m 6G 0 2 
7G 0 2 
tai-Ze 5. Id Fixation of prosthesis components at sacrifice. Grading of fixation 
of prosthesis {stem or cup J: О = completely loosened and extract-
able without any force;! = slightly movable; 2 = stable, but ex-
tractable by hand; 3 = stable and extractable only by hammer blows. 
D = dislocation ; I = infection; Fr = fracture. 
w - weeks, m - months; y = year. 
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fact that it was usually less easy to eslimate the degree of calcification in 
the appreciable amount of fibrous tissue and cartilage found at sacrifice. In­
fection proved to lead to excessive ectopic calcification. 
A two-way analysis of variance without the 1-year scores, and a Kruskal-Wallis 
test on the basis of all observations, revealed (nearly) significant differences 
between the groups (p = 0.03 and ρ = 0.007, respectively). Scheffé analysis 
then made it clear that the result of the analysis of variance was largely due 
to the fact that the 50-FP13C group possibly showed less ectopic bone than the 
50-PBC group (p = 0.07) and the 35-PBC group (p = 0.10). 
b. 2.3 L ooseoiruj 
In the course of the postoperative follow-up the X-rays were examined for signs 
of loosening of the prosthesis components. A halo of resorption was occasionally 
observed around the cement coat, but interpretation was impeded by the fact 
that the cement mass was not clearly distinguishable from the bone. The expla-
nation is that the radiological contrast medium was too diluted in the 50-PBC 
to be visible. In a subsequent phase, moreover, we used PBC to which no zirco-
nium dioxide had been added. This meant that the degree of loosening could not 
be determined until after sacrifice. 
5 .2 Λ fja etЦТ es 
No fractures occurred during the preoperative and immediate postoperative period 
(table 5.1c). Four femoral fractures were observed in a later phase: no 95 in 
the 6th week, no 8^ in the 6th month (immediately before sacrifice), no 81 in 
the 6th month and no 11G in the 2nd month. All were mid-shaft femoral fractures 
immediately below the tip of the prosthesis - a level generally regarded 
as a site of raised stresses. The displacement of the fracture fragments rough­
ly equalled one shaft width. Consolidation occurred in all cases. Of course 
the degree of consolidation attained depended on the interval between fracture 
and sacrifice. Three of the four fractures were found in the 50-PBC group, and 
one in the 50-CPBC group. It is unlikely that the fractures were the result of 
a local pathological condition. The fractures may have been caused by mechanical 
peak loads in feeding situations and manipulations for weighing and roentgen­
ography.In one case (no ΘΊ·) it was established with certainty that the frac­
ture resulted from such manipulations. 
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5.2.5 Di s ] oc¿t_i ons_ 
Dislocations were found in 13 cases (39%)·. nos 3, 6, 95, 52, 65, 7, 9, 13, 12, 
5, 12G, ifC and 11G (table 5.1c). 
Unlike the fractures, most of the dislocations (10) occurred within the first 
six weeks. A preliminary look at the distribution of these dislocations over 
the groups gives the impression of an unmistakable correlation with the porous 
cement. It is worthy to note, however, that the dislocations were evenly dis-
tributed over the functional classes, and therefore showed no distinct correla-
tion with the degree of functioning. In several cases it was observed that, 
when dislocation was found after б weeks, a higher functional grading was never­
theless attained after 12 weeks. The test animals evidently were very adaptable. 
even to so marked an inconvenience. In any case, the dislocated prostheses prob­
ably had to bear the same load as those not dislocated. 
The distribution of stem fixation grades was likewise the same for dislocated 
and non-dislocated prostheses in the 50-PBC and 50-CPÜC group (table 5.Id). 
In the cases 12 and 13 of the 35-PBC group an attempt was made to enhance sta-
bility by peroperative suturing of the small external rotators. As a result, 
however, the hindleg tended to external rotation and therefore to ready dislo-
cation. The 35-PBC sheep showed better fixation but also better function, and 
it is plausible that the animals put more weight on the prosthesis. This even 
distribution of dislocations over functional gradings and stem fixation gra-
dings warrants the conclusion that the dislocations correlated, not with the 
cement used but with a prosthesis design which was not optimal in relation to 
the anatomy of sheep, and with postoperative events such as fright reactions 
during feeding, weighing, etc. 
5.2.6 1.п£.е£^0Д5_ 
Deep-seated infection was observed in three animals (nos 6, 5 and 4G), while 
superficial suprafascial infection was found in one.The pathogenic agent in 
nos 6 and 5 was Corynebacterium pyogenes. This micro-organism is endemic in 
Texel sheep. The wound closed after spontaneous or surgical drainage of an 
abscess and 12 days of treatment with 6 ml Duphapen Strepto (Duphar) 
(200,000 U Benzyl penicillin and 250 mg dihydrostreptomycin sulphate per ml). 
The pathogenic agent in sheep no 12 was not determined. The fistula in this 
7 
case was washed out with a mixture of chJorhexidine and water, whereupon the 
wound closed. The pathogenic agent in no bG turned out to be Staphylococcus 
aureus, which is susceptible to Duplocillin (Microfarm). This Jong-acting 
antibiotic was administered twice weekly throughout the remaining survival 
period. 
These test animals were excluded from the analysis of several variables. 
5.2.7 ЕЧ[1с.І.і°п_ 
The functional gradings showed the following distribution (table b.lc): 
Grade 4 (normal walking and standing pattern) in a small number of sheep. 
Grade 3 (loaded in standing position and walking, but with a limp) was predomi­
nant. Grade 2 (loaded in standing position and incidentally while walking) 
was less frequent, followed by grade 0 (not used at all). Grade 1 (supported 
incidentally) was even less frequent. 
The differences between the values found after 6-8 weeks and after 12 weeks 
were not marked. An increase was observed almost as frequently as a decrease. 
Comparison of scores after k weeks with observations after 6- weeks likewise 
revealed hardly any difference. After 6 months, however, there was often an 
increase than a decrease as compared with 3 months and 6 weeks; in both cases, 
however, the sign test revealed no significant differences (p>0.30). It is 
likely that the grading after longer periods merely reflects the animal's 
adaptation to the situation. Most data were obtained 6-8 weeks and 12 weeks 
after the operation. For these two times the groups were compared, with the 
following results. 
Function after 6-8 weeks: 
According to the Kruskal-Wallis test (p = 0.06), the hypothesis that the five 
groups do not differ in function after 6-8 weeks must probably be rejected. 
Using separate Wilcoxon tests for each two groups, we found that the function 
in group 50-FPBC was probably systematically better than that in groups 50-PBC 
( p= 0.02), Э5-РВС (p = 0.05), 0-PBC (p = 0.10) and 50-CPBC (p = 0.07). The 
Wilcoxon test revealed no significant differences between the last mentioned 
groups (pj>0.10). 
Function after 3 months: 
Although after 3 months, too, the scores for group 50-FPBC were generally the 
best, the Kruskal-Wallis test revealed no significant differences from the 
other groups (p^O.10). It is to be noted that fewer valid scores were avail-
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able at this time than after 6-Θ weeks. 
5.2. θ Find.incjs_iη the drea_o£ operatі^од 
Dissection of the area of operation revealed beneath the ectopic calcifica­
tions an inactive newly formed capsule with a mural thickness which never ex­
ceeded a few millimetres (illus.5.3e). Clear synovial fluid escaped when the 
capsule was opened. The femur, and especially its proximal part, showed an in­
creased diameter as a result of periosteal apposition of the cortex 6 weeks 
after the operation (illus.5.1d, 5.2a, 5.3a and 5.3d). The periosteal apposi­
tion was associated with cortical cancellation. 
No further increase in diameter occurred between 6 weeks and 3 months after 
operation, but there are indications that the proximal femur decreased in diam­
eter after б months. 
Cancellation was most marked at level B; it was still noticeable at level С 
(halfway the prosthesis stem) and further diminished towards level D around 
the prosthesis tip (see subsection 5.3Л). 
We found no differences between the four groups in fixation of the prosthesis 
cup at sacrifice (Kruskal-Wallis test: p)>0.10) (table 5.Id). 
As regards fixation of the prosthesis stem, the hypothesis that the groups 
50-PBC, 35-PBC, 0-PBC and 50-CPBC should have the same mean must be rejected 
on basis of a two-way analysis of variance (p = 0.03). lurther Scheffé analysis 
revealed that fixation in group 0-PBC was superior to that in group 50-PBC 
(p = O.Ol·). 
Although on the basis of the interaction test this model is not entirely reli-
able, these results were nevertheless more or less confirmed by the Kruskal-
Wallis tests, with the exception of the test for the 3 month data (overall: 
ρ = 0.02; 6 weeks: ρ = 0.02; 3 months: p>0.10; 6 months: ρ = 0.03). It is 
to be borne in mind that the difference found cannot be the same for every 
survival period (we hardly found any difference after 3 months). 
The above analysis of variance was performed without the 1-year data. An ana­
lysis of variance including the 1-year data (one observation in the 50-PBC 
group and one in the 35-PBC group) gave virtually the same results. 
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Illus.5.1 Photographs of sections perpanclicular to the femordl axis. 
(a through d) (for comparison: prosthesis diameter is about 10 ini). 
a. B-level, 50-PBC, 6 months. Cement-prosthesis interface crushed (x). 
Prosthesis extracted. Good adaptation of bone-cement interface (o). 
Ectopic calcification (c). 
b. C-level, 35-PBC, 3 months. Cement-filled diaphi¡sis, prosthesis extracted. 
Cement-prosthesis interface largely intact (x). A section of the contra-
lateral femur is included for comparison. 
с B-level, O-PBC, 3 months. Prosthesis m situ; classic fibrous tissue mem­
brane of considerable size between cement and bone (x). 
d. B-level, SO-CPBC, 6 weeks. Prosthesis with acrylic coaling m situ. Fibrous 
tissue ingrowth into cement pores (x). Periosteal bone formation on the out­
side (o). 
Micrographs of fluorescence sections of bone ingrowth into porous cement. 
Pore size 200-1000 /im. 
e. C-level, 50-PBC, 3 months. Cement-bone interface (c). 
f. C-level, 50-PBC, 3 months. Located centrally m the cement layer. 
Fluorochromes given: Xylenol (orange) - 1st month 
Calcein (green) - 2nd month 
Terramycm(yellow)- 3rd month 
The cement is marked by spots of zirconium dioxide powder (yellowish green). 
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Illus.5.2 Photographs of sections through acetabulum and femur (HE stain). 
50-PBC, prosthesis extracted. 
a. B-level, 6 weeks. Ingrowth of fibrous tissue into porous cement (x). 
Greater trochanter (o). Periosteal apposition (p). Resorption lacunae (r). 
b. C-level, 6 weeks. Porous structure reasonably intact. Fibrous tissue 
ingrowth into the pores (x). 
c. Acetabulum, 6 weeks. Fibrous tissue ingrowth (o). Resorption lacunae (x). 
Micrographs of sections through acetabulum and femur (HE stain), 50-PBC. 
d. Detail of c. Fibrous tissue ingrowth (o). Resorption lacunae (x). 
e. D-level, 3 months. Pores filled with bone and fibrous tissue (p). Cement-
bone interface (o). The endosteal cortex (x) shows empty cell lacunae 
(osteocyte death = cortical osteonecrosis). 
f. C-level, 6 months. Polyethylene glycol section (HE stain) showing ingrown 
mature bone next to cement.(x). 
g. C-level, 1 year. Mature bone in the pores. A thin layer of cells locally 
separates the bone from the cement as is clearly visible at higher magnifi-
cation . 
h. Detail of g. 
Black dots (in d, e, f and g) are zirconium dioxide particles. 
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IUus.5.3 Micrographs of femoral sections (ЬЕ stam), 35-PBC, 0-PBC, 50-FPBC, 
ЬО-СРВС and joint capsule Prosthesis extracted. (Por comparison 
section a, c, d: prosthesis diameter is about 10 mm, 
section b and e: original magnification 300 x.) 
a. B-level, 35-PBC, 3 months. Bone and fibrous tissue ingrowth (x). Thin cement-
bone interface membrane (o). Cancellation of the cortex (p). 
b. C-level, O-PBC, 3 months. Classic fibrous tissue membrane with partial re­
sorption of the cortex. This membrane contains lymphocytes, macrophages and 
foreign body giant cells. 
c. C-level, 50-FPBC, 3 months. Fibrous tissue and bone ingrowth (o). 
d. B-level, 50-CPBC, 6 weeks. Fibrous tissue ingrowth. Porous structure intact(o). 
Extensive periosteal new bone formation (p). 
e. Detail of newly formed joint capsule, 6 months. No inflammatory cell 
infiltration. 
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The fixation gradings showed the foliowing distribution: in the soiid cement 
group (0-PBC) we found that the femoral prosthesis could be removed only by 
hammer blows. This grade 3 was predominant, followed by grade 0 (completely 
loosened and extractable without any force), finally, grade 2 (stable, but 
extractable by hand) and grade 1 (slightly movable) ranked equally. 
In the case of solid cement coating (5Ü-CPBC) the impression was gained that 
stem fixation - at least up to 3 months after operation - was superior to 
that in the porous cement groups. This was to be expected because the maximum 
stress concentrations occur at the metal-cement interface, precisely where, 
with a cement-coated stem the strongest material is localized. This impression 
was not directly confirmed by the two-way analysis of variance. 
One of the most striking findings in the examination of the transverse slices 
of femur cut at sacrifice concerns the condition of the interfaces. Particu-
larly the cement-bone interface was stable when porous cement had been used. 
No fibrous tissue membrane was found between cement and bone. In many rases 
the interface between prosthesis stem and cement was movable, and a fibrous 
tissue membrane seemed to be present at the interface. Irreversible deformation 
of the cement was found at the metal-cement interface (illus.S.la), and this 
regularly led to loosening. Where solid cement had been used, it was precisely 
at the cement-bone interface that a fibrous tissue membrane was found, where-
as the prosthesis-cement interface seemed stable (illus.5.3b). 
In this context it is to be noted that femurs containing prosthesis stems coated 
with solid cement, which were cemented in position with 50-PBC, rarely showed a 
fibrous tissue membrane either at the cement-bone interface or at the porous 
cement-solid cement interface(illus.5 .Id and 5.3d). If a fibrous membrane was 
present, it was between the solid cement of the prosthesis coating and the 
layer of porous cement around it. 
5.3 Microscopic findings 
The microscopic scores obtained from sections are summarized in tables 5.2, 
5.3 and 5.<κ 
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Cement Follow- Sheep Porous cement structure Bone ingrowth 
9 r 0 u p U P N 0
 Co Ac В С D E Ac В С D 
50-PBC 6w 3 
6 I 
3m 95 Fr 
53 
52 
1 
6m 21 
51 
65 
8f Fr 
ly 91 
Θ1 Fr 
35-PBC 3m 7 2 2 2 2 2 0 1 2 0 0 
9 1 2 2 2 1 1 1 1 0 0 
6m 13 2 2 3 3 3 2 1 2 2 3 
12 2 3 3 2 2 3 1 3 1 2 
l y 5 I 1 1 1 1 1 0 0 0 0 0 
50-FPBC 6w 60 3 3 2 2 2 0 1 2 
3m 16 3 3 3 3 3 2 2 2 
6m 15 3 3 3 3 3 3 2 2 
50-CPBC 6w 12G 3 3 0 0 . 
13G 3 3 3 3 0 0 0 0 
3m 4 G I 2 3 3 3 0 0 0 0 
11G Fr 2 2 2 3 1 2 2 2 
6m 6C 2 3 3 3 2 2 2 2 
7G 1 2 3 3 1 2 2 2 
table 5.2 Porous cement structure and rate of bone ingrowth in the cement 
groups at microscopic evaluation. 
Ac = acetabulum; В through E = levels perpendicular to femur. 
Co = complications ; I = infection; Fr = fracture. 
Grading of porous structure: 1 = partly crushed; 2 = reasonably 
intact; 3 = completely intact. 
Grading of bone ingrowth: 0 = none; 1 = endosteal side; 2 = pro­
gressive; 3 = more than 50% of the pores filled. 
w = weeks; m = months; y = year. 
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table 5.3 Fibrous tissue density, fibrous tissue necrosis and inflammatory cells 
as untoward reactions to PBC m the cement groups at microscopic evalu­
ation. Ac= acetabulum; В through F- levels perpendicular to femur; 
Co= complications ; 1= infection; Fr= fracture. 
Grading of fibrous tissue density: 1= loose; 2= intermediate ; 3= dense. 
Grading of fibrous tissue necrosis: 1= ranging from none to scattered 
areas of necrosis ; 2= moderate amount of necrosis ; 3= general necrosis. 
Grading of inflammatory cells: 1- none; 2- occasional occurrence, 
3- ranging from frequent occurrence to general inflammatory reaction. 
w= weeks; m= months, y= year. 
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table 5.4 Cortical osteonecrosis and formation of resorption lacunae as a measure 
of the cortical reaction to total hip replacement using PBC. Ac= aceta­
bulum; В through E= levels perpendicular to femur; Co= complications ; 
1= infection. 
Grading of cortical necrosis (osteocyte death): 0= none; 1- less than 
one-third of the cortex; 2= one-third of the cortex; 3= more than one-
third of the cortex. 
Grading of resorption lacunae (cancellation of bone): 0= none; 1= mini­
mal; 2= one-third of the cortex on the periosteal side and/or the endos­
teal side; 3= more than one-third of the cortex. w= weeks; m= months; 
y= year. 
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5.3.1 Po£Ous_cemen_t s truc ture 
All grades of porous cement structure were represented in a fair number of cases. 
Grade 2 (reasonably intact was preaominant. followed by grade 3 (completely 
intact). Grade 1 (partly crushed) was least frequently found. Maximum cement 
destruction was generally found in the acetabulum, regardless of the cement 
type used and the survival period. 
Statistical analysis of the scores at levels B, C, D and E and of the mean 
levels (C+D) and (B+C+D) was carried out; the results are presented in table 
5.5. 
On the basis of a two-way analysis of variance, the hypothesis that the four 
cement groups do not differ in porous structure after each of the survival 
perioas must be rejected for all levels. 
Using Scheffé's contrast method,we attempted to establish whether rejection of 
the above hypothesis was largely caused by the difference between two groups 
and/or by the difference between the 50-ГРВС group and the mean of the other 
groups. The 50-PBC group gave significantly lower scores (p^O.CW·) than the 
50-FPBC group at all levels except level D. The same more or less applied to 
the 50-PBC group versus the 50-CPBC group at level D, the mean level (C+D) 
and the level E (р^О.ОЗ) and С and the mean level (B+C+D) (p = 0.08); hence 
in this case the В level was an exception. The Scheffé analysis revealed no 
further significant or nearly significant differences. 
The differences indicated by the results of the analysis of variance can to 
some extent be verified with the aid of Kruskal-Wallis tests. 
Ignoring possible differences between different survival periods, it was in 
fact found that the hypothesis postulating absence of systematic differences 
between the four groups is (perhaps) not vaJid (p-values given in table 5.5). 
On the basis of the analysis of variance it is sometimes suspected that porosity 
depends on the survival period; strictly speaking, the hypothesis that in 
each of the cement groups the two or three survival periods (3 months/б months 
or 6 weeks/3 months/б months) should make no difference, has possibly to be re­
jected for levels B, D and E (p = 0.08, 0.0Θ and 0.05, respectively). 
We therefore analysed (for levels B, D and Г) the intergroup differences again 
per survival period, using Kruskal-Wallis tests; in this case we found a (near-
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Level 
Group 
50-PBC 
33-PBC 
50-FPBC 
50-CPBC 
p-ana] . 
of var. 
p-Krusk.-
Wallis 
В 
1.7 
2.5 
3.0 
2.1 
0.01 
0.07+ 
С 
2.0 
2.6 
3.0 
j.ri_ 
0.003* 
0.02 + 
D 
1.7 
2.0 
2.7 
3.0 
0.01 
0.08+ 
1/2(C
+
D) 
1.9 
2.3 
2.θ 
2.9 
0.002 
0.01 
1/3(B
+
C
+
D) 
2.0 
2.6 
3.0 
_гл_ 
0.003* 
0.02+ 
E 
1.6 
1.8 
2.7 
2.9 
0.005 
0.04+ 
taue 5.5 Estimates of the mean group scores for cement porosity on the basis 
of the two-way additive analysis of variance model. 
Testing results with regard to the hypothesis that there are no sys­
tematic intergroup differences according to the analysis of variance 
(without 1-year data) and according to the Kruskal-Wallis test (on 
the basis of all data). 
: significantly lower, respectively higher (ρζθ.05) than an­
other group according to further Scheffé analysis of the 
analysis of variance results (the number of underlimngs in-
dicates from how many other groups the group in question 
differs. 
- — _ : nearly significantly lower, respectively higher 
(0.05 ζ ρ 40.10) than another group according to further 
Scheffé analysis of the analysis of variance results ( the 
number of underlimngs indicates from how many other groups 
the group m question differs). 
χ : testing less reliable due to a significant interaction effect. 
+ .· Jn addition, separate Kruskal-Wallis tests were applied per 
survival period (see text). 
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ly) significant result (ρ = 0.07) only at level В after a survival period of 
6 weeks. 
Next it should be noted that, for level С and the mean level (B+D-rEI), the ad­
ditive analysis of variance model used was probably inappropriate due to a 
significant interaction (p = 0.03). However, the result of analysis of variance 
with regard to differences in treatment was highly significant (p = 0.003). 
Consequently we do attach great value to this test result, even though these 
differences will not be the same for each follow-up period. Verification by 
means of separate Kruskal-Wallis tests for these levels gave a more or less 
significant result only for the 3-month data (p = approximately 0.06). 
A closer look at tables 5.2 and 5.5 reveals that, although 35-PBC remained in­
tact more often than 50-PBC (after elimination of infections and fractures), 
no significant difference was found between these groups. 
Illus.5.3c gives an impression of the intact cement. More intact cement was 
found also in the 50-CPBC group, as illustrated in illus.5.3d, and in the 35-
PBC group (illus.5.3a). Illus.5.2a through 5.2h show the results in femur and 
acetabulum with 50-PBC. 
5.3.2 Borie_i wjrowth 
Bone ingrowth gradings showed the following distribution. Grade 2 (progres­
sive, exceeding 2 mm locally) was predominant. Grade 3 (more than 5096 of the 
pores filled) was found in a minority of cases. It was found after б weeks that 
the pores were filled with well-vascularized fibrous tissue of low density 
(table 5.2). The gel had virtually disappeared, although a few remnants were 
found here and there. 
When the cup had been cemented in position with porous cement, bone ingrowth 
rarely exceeded grade 1. The features observed in the femur can be described 
as follows. Hesitant bone ingrowth (grade 1) had progressed well after 3 months 
(illus.5.2e). Further maturation of ingrown bone was observed after 6 months 
(illus.5.2f), and stabilization was seen after a year (illus.5.2g, 5.2h). Stat­
istical analysis also revealed a significant time effect at all femoral levels 
examined. In a few instances, bone marrow formation was seen beside the 
already formed bone in the low-density fibrous tissue. 
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The fluorescence sections gave a rough indication of the time at which the 
bone was deposited in the pores of the cement (illus.5.1e and 5.if). Supple­
mentary and conclusive evidence of the true ingrowth of bone in the cement 
pores can be found in the polyethylene glycol-embedded tissue in which the 
bone cement has remained in situ (illus.5.2f ). The fibrous tissue membrane 
(peri-implant) found when solid cement was used (illus.5.3b, 5.1c) could not 
be observed at the bone-cement interface when porous cement was used (lllus. 
5.1a, 5.1b, 5.2a and 5.2b). The bone lay snugly against the cement. At some 
sites a covering layer of one cell thickness was observed (illus.5.2g, 5.2h). 
In all groups, the cement between the prosthesis cup and the acetabulum showed 
less bone ingrowth. Protrusion of the acetabulum was observed in all groups, 
indicating inferior fixation. 
The findings at levels B, C, D, L, the mean level (C+D) and the mean level 
(B+C+D) were statistically analysed, the results being shown in table 5.6. 
The hypothesis that after each of the survival periods the four cement groups 
do not differ in bone ingrowth must be rejected on the basis of the two-way 
analysis of variance for levels В and D and the mean level (B+C+D). The inter­
action test, however, had (nearly) significant results at all levels except 
level В ( ρ<0.002; level С:ρ = 0.08). This casts some doubt on the reliabiJity 
of the results of the two-way analysis of variance. 
Further Scheffé analysis at level В revealed significantly higher scores in the 
50-FPBC group than in each of the three other groups and than these groups to­
gether (p^O.Ol). The 50-PBC group in turn was found systematically to score 
higher than the 35-PBC group (p = 0.01). Verification by means of Kruskal-Wal-
lis tests gave ρ = 0.006 for all observations, ρ = 0.07 after 6 weeks, ρ = 0.06 
after 3 months and p>0.10 after 6 months. It is to be noted that, at level B, 
the analysis of variance revealed significant differences between the survival 
periods (p <0.001). 
Scheffé analysis at level D indicated (p = 0.08) that the 50-FPBC group showed 
more bone ingrowth than the Э5-РВС group. Kruskal-Wallis tests, however, had 
no significant results with the exception of the test based on 3-month data 
(p = 0.06). It was therefore dubious whether systemic intergroup differences 
existed. Again, analysis of variance revealed significant differences between 
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I-I 
0.9 
2_.0__ 
1.2 
1.3 
0.8 
2.0 
1.1 
Level B C D ]/2(C+D) 1/3(B+C+D) 
Group 
ЬО-РВС 1.5 1Λ 1.0 1.2 
35-PBC 0^ 6 1.3 0.3 0.Θ 
50-FPBC 2.7 1.7 _Ь7_ 1.7 
50-CPBC 1.0 1Л 1.3 1.3 
p-values <0.001 »0.1* 0.07* 0.1* 0.05* 0.1* 
anal.of var. м 
ÄSall. Ρ = 0 · 0 0 6 + > 0 · 1 + > 0 · 1 + > 0 · 1 + > 0 · 1 + > 0 · 1 + 
table 5.6 Estimates of the mean group scores for bone ingrowth on the basis 
of the two-way additive analysis of variance model. Testing results 
with regard to the hypothesis that there are no systematic mter-
group differences according to the analysis of variance (without 
1-year data) and according to the Kruskal-Wallis test (on the 
basis of all data J. 
.· significantly lower respectively higher ( ρ ζ.0.05) than 
another group according to further Scheffé analysis of 
the analysis of variance results (the number of under-
linings indicates from how many other groups the group 
in question differs J. 
— — _ : nearly significantly lower respectively higherfO. 05<p-i0.10) 
than another group according to further Scheffé analysis 
of the analysis of variance results ( the number of under-
linings indicates from how many other groups the group m 
question differs). 
я : testing less reliable due to a significant (or nearly 
significant) interaction effect. 
+ : m addition, separate Kruskal-Wallis tests were applied 
per survival period (see text). 
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the survival periods averaged over the groups (p = 0.005). 
According to Schaffe analysis, the mean of levels В, С and D may have shown 
more bone ingrowth for the 50-f-PBC than for the other groups together (p = 0.06) 
and than for the separate groups 35-PBC(p = 0.0Θ) and 50-PBC (p = 0.09). In view 
of the poor applicability of the model, however, these results are dubious. 
The Kruskal-Wallis tests did not clearly confirm the results (usually ρ>0.10). 
The analysis of variance revealed highly significant differences between the 
survival periods (p<0.001); consequently there may have been time dependence 
averaged over the groups, despite the interaction. 
Analysis of variance revealed no significant intergroup differences at the other 
levels considered: C, (C+D) and E. Nor were significant differences found by 
means of Kruskal-Wallis tests based on all observations. For level L, separate 
Kruskal-Wallis tests gave a lower p-value (0.06) only for the 3-month data; 
this irust have been a result of the Jow scores of 35-P0C treatment. More or 
less significant results of separate Kruskal-Wallis tests were also found at the 
mean level of С and D, but it is difficult to indicate which differences are 
responsible for these results (6 weeks: ρ = 0.07; 3 months: ρ = 0.03) At levels 
C, (C+D) and E there were again significant differences between the survival 
periods (averaged over the groups). The p-values were p<0.001, p<0.001 and 
ρ - 0.02, respectively. 
5.3.3 Untoward_t_is^ue react ions 
Cases of infected total hip prosthesis should be excluded from an assessment 
of the tissue reaction to implanted porous cement. The sheep with fractures, 
however, were included in this assessment with regard to cortical necrosis and 
cancellation. The influence of a fracture on the tissue reaction in the porous 
cement or at the bone-cement interface further away from the fracture, is smaJl 
unless the fracture occurred immediately before sacrifice. The 'late fractures' 
(nos. Síf and 81) resulted in disturbed fibrous tissue features. The reaction 
of the fibrous tissue growing into pores and the peri-implant membrane was 
classified by density and by prevalence of necrosis and inflammatory cells. 
Fibrous tissue density: 
The following distribution of grades was found. Grade 2 (intermediate) was pre-
dominant, followed by grade 1 (loose). Grade 3 (dense) was found in a much 
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Level 
Group 
Ac 1/2(C+D) 1/3(B+C+D) 
50-PBC 
35-PBC 
0-PBC 
50-FPBC 
50-CPBC 
2.2 
1.6 
2.5 
-
2.1 
2.1 
2.0 
1.Θ 
1.0 
1.8 
1.7 
1.7 
1.7 
1.7 
1.8 
1.6 
1.5 
1.3 
1.3 
1.3 
1.7 
1.6 
1.5 
1.5 
1.6 
1.9 
1.7 
1.7 
1.3 
1.6 
p-values 
anal.of var. >0.1 >0.1* >0.1 >0.1 »0.1 >o.r 
p-values 
Krusk-Wall. >0.1 >0.1 >0.1 >0.1 »0.1 >0.1' 
50-PBC 
35-PBC 
0-PBC 
50-FPBC 
50-CPBC 
1.5 
1.1 
1.5 
-
1.0 
1.8 
2.1 
1.2 
1.0 
1A 
1.3 
1.5 
1.0 
2.0 
2.0 
1Λ 
1.7 
1.2 
2.0 
2.0 
1.3 
1.6 
1.1 
2.0 
2.0 
1.3 
1.8 
1.0 
2.0 
1.6 
p-values 
anal.of var. >0.1 >0.1 0.02* >0.1 0.02 0.06 
p-values 
Krusk-Wall. >0.1 >0.1 0.01
+
 >0.1 0.01 0.02 
50-PBC 
35-PBC 
0-PBC 
50-FPBC 
50-CPBC 
1.1 
1.2 
1.3 
-
1.0 
1 Λ 
1.6 
1.0 
1.0 
1.7 
1.0 
1.3 
1.3 
1.7 
1.9 
1.1 
1.3 
1.5 
1.0 
1A 
1.1 
1.3 
1 Λ 
1.3 
1.7 
1.1 
1.3 
1.2 
1.0 
1.7 
p-values 
anal.of var. >0.1 0.06 0.01 >0.1 0.03 >0.1 
p-values 
Krusk-Wall. >0.1 0.08 0.005 >0.1 0.01 0.1 
table 5.7 Estimates of the mean group scores for fibrous tissue density, 
fibrous tissue necrosis and inflammatory cells on the basis cf 
the two-way additive analysis of variance model. 
Testing results with regard to the hypothesis that there are no 
systematic mtergroup differences according to the analysis of 
variance (without 1-year data J and according to the Kruskal-
Wallis test (on the basis of all data). 
: significantly lower resp.higher (p^.0.05) than another group 
according to further Scheffé analysis of the analysis of variance 
results (the number of underlmmgs indicates from how many other 
groups the oroup m question differs. 
— — _ " nearly significantly lower resp. higher (Ö.05 <p£ 0.10) than 
another group according to further Scheffé analysis of the ana-
lysis of variance results (tlie number of underlmmgs indicates 
from how many other groups the group m question differs). 
testing less reliable due to a significanti or nearly sign.¡interaction effect. 
m addition,separate Krusk-Wall.tests were applied per survival period. . 
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smaller number of cases. Grade 2 is illustrated in illus.5.2e and 5.3b. 
The scores for the acetabulum and for femoral levels B, C, D and the mean levels 
(C+D) and (B+C+D) were statistically analysed. The results are presented in 
table 5.7. 
The hypothesis that the four (respectively five) cement groups do not differ 
in connective tissue necrosis after each of the survival periods must be accepted 
for all levels on the basis of the two-way analysis of variance (p>0.1). 
Verification by Kruskal-Wallis tests on the basis of all observations likewise 
failed to reveal significant differences. 
Since there might have been interaction at level В (p = 0.09), the intergroup 
differences were studied per survival period with the aid of Kruskal-Wallis 
tests. The p-value after 6 months was about 0.05, which must have been due in 
particular to the two low scores for the 50-CPBC group. After 6 weeks, however, 
this group showed high scores. If differences existed between the 50-CPBC group 
and the other groups, they probably cannot have existed after each survival 
period in the same way. 
There might also have been interaction at the mean level of В, С and D (p = 0.10). 
Separate Kruskal-Wallis tests had a significant result only after 3 months 
(p-value about 0.05). This must have been due to the lower score of the 50-FPBC 
group. 
All in all, therefore, there were no distinct differences in fibrous tissue 
density between the porous cement and the cement-bone interface of the solid 
cement. 
Fibrous tissue necrosis: 
The grades of fibrous tissue necrosis showed the following distribution. Grade 1 
(ranging from none to small scattered areas of necrosis) was predominant, fol­
lowed by grade 2 (moderate amount of necrosis). Grade 3 (general necrosis) was 
found in only a small number of sheep. The data on fibrous tissue necrosis, like 
those on fibrous tissue density, were submitted to statistical analysis for the 
same levels (table 5.7). Two-way analysis of variance as well as verification by 
means of Kruskal-Wallis tests revealed (nearly) significant differences at level 
C, the mean level (C+D) and the mean level (B+C+D). 
At level C, further Scheffé analysis indicated systematically more necrosis in 
the 50-CPBC group than in the 0-PBC group (p = 0.09). In view of the interaction 
found (p = 0.0ft), it seems dubious that such a difference between these two groups 
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was present also afLer б months. Separate Kruskal-Wallis tesfs after 6 weeks 
and 6 months gave p-values of approximately 0.10 and>0.10, respectively. 
Scheffé analysis at mean level (C+D) did not reveal which mutual differences 
were largely responsible for rejection of the analysis of variance hypothesis. 
Since interaction may have been involved (p = 0.06), separate Kruskal-Wallis 
tests were applied. The 3-month data showed a p-value of about 0.05, but it is 
difficult to indicate which mutual differences caused this. No clear signifi-
cant result was obtained on the basis of the 6-week and б-month data. Nor did 
Scheffé analysis provide significant results for the mean level of (B+C+D). 
All in all, there were no distinct differences between fibrous tissue necrosis 
in the porous cement and that around Lhe solid cement. 
Inflammatory cells: 
Grade 1 (none) was predominant, followed by grade 2 (occasional occurrence). 
Grade 3 (ranging from frequent occurrence to general inflammatory reaction) 
was found in only a small number of sheep ( and mainly in sheep nos.6, 5 and 
^G, with manifest bacterial infection). In these sheep the cellular infiltrate 
was largely chronic and comprised lymphocytes and plasma cells. 
Undisturbed features were generally found. In a few sheep in the solid cement 
group, macrophages were found, and sporadically foreign-body giant cells 
(illus.b.3b). 
The data on inflammatory cells, like those on fibrous tissue density, were sub-
mitted to statistical analysis for the same levels (table 5.7). Both, two-way 
analysis of variance and Kruskal-Wallis tests showed more or less significant 
differences at levels В, С and the mean level (C+D). Further analysis by Schef­
fé 's contrast method revealed significant differences only between groups 50-
CPBC and 50-PBC at level С (p = 0.02) and the mean level (C+Ü) (p = 0.0*), the 
firstmentioned group systematically scoring higher: at the mean level (B+C+D), 
analysis of variance revealed no significant difference,but the Kruskal-Wallis 
test indicated systematic differences. In view of the number of observations 
per group, this may have resulted mainly from a difference between the 50-CPBC 
and the 50-PBC group. 
Not surprisingly, the inflammatory reactions in the sheep with fractures were 
more pronounced (grade 2). 
The difference in inflammatory cell reaction between the 50-CPBC and the 50-PBC 
group is difficult to explain. A subclinical infectious component may have been 
involved. 
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5.3Λ Reactions of_the_femoral_cortex 
The reactions of the femoral cortex to prosthesis implantation were roughly 
on the lines already described in section 3.3. Cortical necrosis, starting end-
osteally, developed as a result of the disturbed medullary circulation, the 
polymerization heat and the cytotoxicity of the MMA involved. The necrosis ex­
tended to comprise two-thirds of the cortex. 
The periosteal vessels attempted to take over the circulation (as described in 
section 3.3), and at the same time osteogenic periosteal activity ensued. 
Incipient resorption occurred in the middle one-third of the cortex (cancella­
tion of the cortex), and was followed by remodelling (illus.b.Za, 5.3a and 5.3d). 
Cortical osteonecrosis (osteocyte death): 
Crades of cortical osteonecrosis showed the following distribution. Grade 0 
(none) was predominant, followed by grade 1 (less than one-third of the cortex) 
and grade 2 (one-third of the cortex). Grade 3 (more than one-third of the cor­
tex) was observed in only a limited number of sheep. 
Statistical analysis revealed no intergroup differences at levels Ac, B, C, D, 
E and the mean levels (C+D) and (B+C+D). According to the analysis of variance 
there was always a (nearly) significant time effect at all levels except Ac 
(p<0.05, except at C, where ρ - 0.0Θ). In view of the nature of the biological 
process, this time effect was to be expected. 
Separate Kruskal-Wallis tests per survival period likewise failed to reveal 
significant intergroup differences (p>0.10). 
After б weeks, manifest cortical necrosis (grade 2-3) was observed in all 
groups, especially distal to level B. After 3 months, the phase of restoration 
was already found to have started. Advancing restoration was observed after 6 
months. 
Resorption lacunae: 
The grades showed the following distribution. Grade ?. (one-third of the cortex 
on the periosteal and/or endosteal side) was predominant, followed by grade 1 
(minimal) and grade 0 (none). Grade 3 (more than one-third) was observed in a 
limited number of sheep. Grade 2 is illustrated in illus.5.2a. 
Cancellation was clearly not observed throughout the cortex. Periosteal apposition 
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could appreciably increase the local femoral dimensions in cross-section. 
Cancellation was most pronounced at level B. It was usually already quite un-
mistakable after 6 weeks, increasing in subsequent phases (3 months and 6 months) 
(see also statistica] analysis). The few observations made after a year revealed 
no further increase in resorption lacunae. 
Statistical analysis (table 5.8) revealed no significant differences in peri-
acetabular cancellation. At the level B, the analysis of variance indicated that 
the hypothesis of the same mean degree of cancellation in the five groups must 
be rejected (p = 0.03). However, mutual differences responsible for this cannot 
be determined on the basis of Scheffé analysis. The Kruskal-Wallis tests had 
p-values jn excess of 0.10 except after a survival period of б weeks (p = 0.07); 
again it was impossible to determine which mutual differences caused this. 
At leve] С, the hypothesis of equality must likewise be rejected on the basis 
of the analysis of variance. This was confirmed by the Kruskal-Wallis test on 
the basis of all observations, but the separate Kruskal-Wallis tests revealed 
no significant differences (p^O.10). 
Further Scheffé analysis revealed that the inequality was largely due to the 
fact that the 50-FPBC group scored systematically lower than the remaining four 
groups as a whole (p = 0.03), the 50-CPBC group (p = 0.004·) and the 0-PBC group 
(p = 0.03). Scheffé analysis, moreover, indicated a systematically lower mean 
in the 50-PBC group than in the 50-CPBC group (p = 0.08). 
At level D, too, the hypothesis of equality had to be rejected according to both 
tests. Further Scheffé analysis of the result of analysis of variance, however, 
indicated only a higher mean in the 50-CPBC group than in the 35-PBC group 
(p = 0.06) and the 50-FPBC group (p = 0.0Θ). 
At the E level no significant result was obtained concerning possible intergroup 
differences. 
At the mean level (C+D), the hypothesis of equal group means was decidedly re­
jected both on the basis of analysis of variance and on the basis of the overall 
Kruskal-Wallis test (p = 0.002). Scheffé analysis indicated that this was mainly 
due to the fact that the 50-FPBC group had significant lower scores than the 
0-PBC and the 50-CPBC group (p = 0.05 and ρ = 0.01, respectively);the 50-FPBC 
group may also have systematically scored lower than the other four groups 
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Level 
Group 
50-PBC 
35-РВС 
0-РВС 
50-FPBC 
50-СРВС 
p-values 
a n a l . o f v a r . 
p-values 
Krusk-Wal l . 
50-PBC 
35-PBC 
0-PBC 
bO-FPBC 
50-CPBC 
p-values 
a n a l . o f v a r . 
p-values 
Krusk-Wal l . 
Ac 
0.1 
0.3 
0.0 
-
0.0 
> 0 . 1 
> 0 . 1 
1.Θ 
1.5 
2.2 
1.Θ 
> 0 . 1 
> 0 . 1 
В 
0.6 
0.8 
0.2 
0.7 
0.3 
>0.1 
> 0 . 1 + 
1.8 
1.7 
2.5 
1.3 
2.7 
0.03 
> 0 . 1 + 
С 
1.6 
0.8 
1.5 
2.0 
1.2 
> 0 . 1 
> 0 . 1 + 
1.0 
0.9 
1.7 
0.0 
2.2 
0.002 
0.003 + 
D 
1.9 
1 Л 
1.7 
2.3 
0.9 
> 0 . 1 
> 0 . 1 + 
0.8 
0.3 
1.5 
0.3 
_ Ь 8 _ 
0.008 
0.01 
E 
1.6 
0.9 
1.8 
2.3 
0.9 
> 0 . 1 
> 0 . 1 + 
0.5 
0.6 
1.5 
0.3 
1.2 
> 0 . 1 
> 0 . 1 
1/2(C+D) 
1.7 
1.1 
1.6 
2.2 
1.1 
> 0 . 1 
> 0 . 1 + 
0.9 
0.6 
1.6 
0.2 
2.0 
0.002 
0.002 
1/3(B+C+D) 
1.5 
1.1 
1.2 
1.7 
0.9 
> 0 . 1 
> 0 . 1 + 
1.2 
0.8 
2.0 
" о Т з
-
2.3 
< 0 . 0 0 1 
0 . 0 0 1 + 
table 5.8 Estimates of the mean group scores for cortical osteonecrosis and 
resorption lacunae. 
Testing results with regard to the hypothesis that there are no 
systematic mtergroup differences according to the analysis of vari­
ance (without 1-year data) and according to the Kruskal-Wallis test 
( on basis of all data). 
significantly lower respectively higher (p 4,0.05) than another group 
according to further Scheffé analysis of the analysis of variance re-
sults (the number of underlinings indicates from how many other groups 
the group m question differs). 
nearly significantly lower respectively higher (0.05 <ρ 40.10) than 
another group according to further Scheffé analysis of the analysis 
of variance results ( the number of underlinings indicates from how 
many other groups the group m question differs). 
testing less reliable due to a significant (or nearly significant) 
interaction effect. 
in addition, separate Kruskal-ffallis tests were applied per survival 
period (see text). 
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as a whole (p = 0.09). Moreover, the 50-PBC and the 35-PBC group were found 
to have (nearly) significantly lower scores than the 50-CPBC group (p = 0.07 
and ρ = 0.05, respectively). 
The analysis of variance also showed significant intergroup differences at 
mean level (B+C+Ü) (p = 0.001). Scheffé analysis revealed (nearly) signifi-
cantly higher scores in the 0-PBC group than in the 50-PBC group (p = 0.08), 
the 35-PBC group (p = 0.02) and the 50-ГРВС group (p = 0.003); it also revealed 
that the 50-CPBC group scored significantly higher than these three groups 
(p - 0.02, ρ - 0.007 and ρ = 0.001, respectively). Moreover, the 50-FPBC group 
was found to score significantly lower than the other groups together (p = 0.01). 
Some confirmation of these results was found only in the overall Kruskal-Wallis 
test (p = 0.001) and in the Kruskal-Wallis test on the basis of the 6-month 
data (p = 0.07). 
To summarize: we found no marked intergroup differences at levels Ac, В and E, 
but we did at level С and to some extent at level D. The systematically lower 
scores of the 50-FPBC group and the systematically higher scores of the 50-CPBC 
group stand out, particularly when we focus on the mean of С and D and of В, С 
and D. 
Significant differences between the survival periods were found only at level 
В (p = 0.01), possibly at level С (p = 0.08) and the mean of levels В, С and 
D (p = 0.02). Particularly at level B, scores after 3 and 6 months often ex­
ceeded those after б weeks. 
5.3.5 И^£^£^£9^ £^_ь11е_с5.Р5.и1.е_ 
Microscopic examination of the capsule disclosed the characteristic features 
of fibrous tissue of high density with a high concentration of nuclei (illus. 
5.3e). The capsule was highly vascularized, and lymphocytic infiltrates and 
giant cells were found only very sporadically. 
The granulomatous inflammatory reactions observed fairly frequently in human 
individuals were not found in any sheep of this series of test animals. 
ЪЛ Discussion 
The use of (porous) bone cement provokes a number of reactions, some of which 
are mechanical while others are biological. The problem statement of this study 
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focuses on the strength of the porous cement and on the biological reactions 
which this cement provokes when the prosthesis is subject to a load. 
In an effort to ensure optimal objectification of the results of the experi-
ment, these results were graded. All variables studied showed a reasonable dis-
tribution of grades, and the grading resorted to can therefore be described as 
adequate. The thus-graded results were submitted to statistical analysis. 
The expectation was that the porous cement should fracture first where the 
highest stresses occur, i.e. at the cup, unless the cement elsewhere was local-
ly weakened, e.g. as a result of insufficient cementing of the prosthesis. 
Statistical analysis failed to reveal any intergroup differences in cup fixa-
tion. 
More detailed attention was focused on the interface between the proximal pros-
thesis and the cement layer. This interface is subject to the maximum of load 
on the medial side near the femoral spur (Huiskes 1979). At nearly all levels, 
the 50% porous cement (illus.5.2a and i>.?b) was found to show a significantly 
or nearly significantly higher frequency of failure (subsection 5.3.1) than 
the 50% porous cement used to fill the femoral shaft without prosthesis (illus. 
5.3c) and the 50% porous cement packed around a cement-coated prosthesis. 
The 35% porous cement (illus.5.3a) seemed to score better than the 50% porous 
cement, but the difference was not significant. 
Stem fixation was significantly better in the 0-PBC group than in the 50-PBC 
group; however, this was not found for the survival period of 3 months. After 
brief survival of the sheep, the 50-CPBC group seemed to show better fixation 
than the 50-PBC groups, but after longer survival this was no longer observed; 
two-way analysis of variance failed to demonstrate the suspected difference. 
In terms of these mechanical aspects, the animal model chosen evidently permits 
differentiation between the various cement groups. 
Further analysis of the sheep hip model (section 't·.2) indicates that this load-
ing test is adequate in the absolute sense as compared with the human loading 
situation. This is to say that the cement in the sheep hip bears higher stresses 
than the human hip, at least periodically. 
The animal's weight changes in the postoperative phase and the locomotor function 
did not indicate a correlation with the result for different cement porosity. 
Only the 50-FPBC group possibly showed a systematically better function score 
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after 6-8 weeks. No correlation was demonstrable between dislocations and the 
various cement groups. 
For a better understanding of the overall behaviour the biological reactions, 
which are closely related to cement composition are of importance. A striking 
finding was the quick bone ingrowth in cement of such pore structure and pore 
size (200-1000 urn). This has also been observed by other authors (Williams et 
al. 1973; Van Müllern et al. 1У78). Bone ingrowth was found to have started 
after 6 weeks, and further increased after 3 months (il]us.5.2e through 5.2h); 
further bone maturation followed. 
Bone ingrowth was significantly better in the 50-(-PBC group than in each of 
the other three groups. Moreover, the 50-PBC group scored significantly better 
than the 35-PBC group. However, these results applied almost exclusively to 
level B, and not at all or hardly to the other levels or combinations of levels. 
The better bone ingrowth in the 50-hPBC group is probably explained by the fact 
that the cortical circulation (nutrient artery, metaphyseal arteries) remained 
more intact, and by the absence of unphysiological stresses caused by a pros­
thesis. 
In the 3 groups in which bone ingrowth proximally lagged behind, more bone in­
growth was often seen at more distal levels; this cancelled out the intergroup 
differences for the mean level of (B+C+D). Bone ingrowth was observed also 
distal to the prosthesis tip (level E); the differences from bone ingrowth at 
more proximal levels, considered per group, were small. 
In none of the groups did bone ingrowth exceed grade 2 (progressive, exceeding 
2 mm locally). No ingrowth was observed closer to the prosthesis, where the 
fibrous tissue structure was less dense. 
As parameters of 'untoward tissue reaction' we used fibrous tissue density, 
fibrous tissue necrosis and inflammatory cells. The 0-PBC group may sometimes 
have shown systematically less fibrous tissue necrosis at level С than the 
50-CPBC group. 
As to inflammatory cells, the 50-CPBC group scored significantly higher (more 
inflammation) than the 50-PBC group at level С and the mean of levels С and D, 
which difference is difficult to explain. 
With solid cement, macrophages and foreign-body giant cells were seen (illus. 
5.3b), as also described by Willert (1972). These cells were not found when 
porous cement was used. Perhaps this indicates better acceptance of the form 
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of surface of the cement and greater mechanical stability (Contzen et al.1967; 
SLinson 1964). 
The inflammatory reaction in the groups generally did not exceed grade 1 (no 
iriFlammaLory cells). The findings did not indicate an intensified local cyto-
toxic effect of the monomers in the porous cement. The question nevertheless 
remains whether the porous cement degenerates more quickly in vivo (larger 
contact surface area between cement and tissue). 
With regard to ectopic calcifications, nearly significantly lower scores were 
obtained in the 50-FPBC group than in the 5Ü-PBC and 3b-PBC groups. This may 
be explained by lesser drastic surgery and the absence of a prosthesis in the 
50-ГРВС group (see also subsection 5.3Λ). 
The most conspicuous phenomenon with porous cement was the diminution of the 
layer of fibrous tissue cells traditionally found at the cement-bone interface 
when solid cement is used. The ingrowing bone was at some sites separated from 
the porous cement by only a single layer of cells (illus.i>.2g and 5.2h). 
Charnley (1970) postulated that the fibrous tissue membrane is an indispensable 
buffer, a layer which can neutralize the difference in modulus of elasticity 
and the resulting stress concentrations (mechanical theory). Others have re­
garded the fibrous tissue membrane as an encapsulation of the foreign body 
('peri-implant membrane1), holding that heat-induced necrosis and cytotoxic 
action contributed to its formation. 
On the basis of the 'peri-implant membrane' theory, the absence of this fibrous 
tissue layer after the use of porous cement might be explained by: 
1. diminished heat induced necrosis, possibly in combination with: 
2. diminished cytotoxic action, 
3. diminished elastic mismatch (better stress distribution) due to lower 
modulus of elasticity and larger contact surface area, 
Ί·. diminished foreign-body reaction ( the porous cement form is more readily 
accepted) (Contzen et al. 1967; Stinson et al.196^). 
This explanation is compatible with the contention of Willert and Puis (1972) 
that contact between cement and bone is required for biological stability. 
Not only are the abovementioned four points of importance for better fixation, 
but such authors as Charnley (1970), Oest (1975) and Müller (1975) indicated 
that the cement-bone interface fails in the cancellous bone in the case of 
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prosthesis loosening. It is conceivable that bone ingrowth into the pores of 
the cement enhances the chance of maintenance and/or restoration of the bone-
cement interface, thus improving long-term fixation. 
The gradually diminishing bone ingrowth in the deeper porous cement layers to­
wards the prosthesis stem, and increasing fibrous tissue necrosis, are possibly 
explained by the gradually less adequate vascularization and resulting less 
favourable trophic conditions in the interior part. Consequently, the porous 
cement per se should be sufficiently strong to withstand the hip load, and an 
additional contribution to strength by the ingrowing bone must not be counted 
on. 
In fact, therefore, the prosthesis fixation problem is shifted from the bone-
cement interface to the prosthesis-cement interface when porous cement is used. 
Although the strength of the cement diminishes with a higher percentage of 
pores, the stresses are likewise diminished to some extent because the modulus 
of elasticity also decreases. 
It must be assumed that the successful use of porous cement in the cementing 
of heavily loaded prostheses depends on the development of a prosthesis which 
gives the porous cement better stress protection. Perhaps this can be achieved 
by optimalizing the shape of the prosthesis and, as demonstrated, by coating 
the prosthesis with a soft elastic layer (illus.S.ld and 5.3d). 
The cortical changes observed are consistent with the data reported by Charnley 
(1970), Willert and Puis (1972), Willert (1977), Willcrt et а1.(197 ) and Vernon-
Roberts et al.(1976). The different types of cement proved not to differ in 
degree of cortical necrosis, and in all cases a time-dependent restoration of 
cortical vitality was observed. 
Cancellation of the cortex was found to be very pronounced at level B; a time 
effect was established. Particularly at level С and the mean levels, we found 
systematic intergroup differences (at level Ac and level E, the statistical 
tests did not give any significant result). At these levels the 50-FPBC group 
showed a (nearly) significantly lower score than the 50-CPBC group and the 0-PBC 
group. Moreover, ЬО-РВС and 35-PBC groups showed (nearly) significantly lower 
scores than the 50-CPBC group (and than the 0-PBC group at the mean level 
(B+C+D)). 
There is no immediate explanation of these differences, but absence of a 'pros­
thesis effect' in the 50-f-PBC group and better stress distribution in the 50-PBC 
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and 35-PBC groups than in the 50-CPBC group may be of importance in this re­
spect. Another possible explanation might be that the metaphyseal circulation 
was less damaged in the 50-FPBC group (no capsule excision, no osteotomy of 
the femoral neck). However, cortical necrosis was not significantly more 
marked in the 50-FPBC group than in the other groups, and the argument of 
reduced metaphyseal circulation alone is therefore not too plausible. 
The results of the entire animal experiment can be summarized as follows. 
None of the sheep treated with porous bone cement (all groups) showed unto­
ward tissue reactions; foreign-body giant cells and macrophages as observed 
at the bone-cement interface with solid cement, were not seen with porous 
cement. This may indicate better acceptance of the porous cement and of the 
form of the surface of the cement, and better stability of fixation. 
All porous cement groups differed essentially from the solid cement group as 
to the features at the bone-cement interface. The peri-implant membrane found 
after use of solid cement was absent after use of porous cement. 
The use of porous bone cement in total hip replacement had no effect on the 
amount of cortical osteonecrosis, but did exert some influence on cancellation 
of the cortex. 
Bone ingrowth was observed in the porous cement: incipient bone ingrowth after 
б weeks, which continued after 3 months followed by further maturation at 6 
months. Stabilization followed (1 year). Bone ingrowth averaged 2 mm and was 
virtually the same in all groups. This bone ingrowth can make an important 
contribution to fixation at the bone-cement interface. Whereas with solid 
cement the prosthesis is optimally fixed immediately after operation. This con­
nection will decrease postoperatively. Bone ingrowth into the porous cement can 
restore the cement-bone interface. 
Bone ingrowth does not proceed as far as Lhe prosthesis stem. The maximum stress 
concentrations occur at the prosthesis-cement interface, and consequently the 
porous bone cement per se should be sufficiently strong, quite regardless of 
bone ingrowth. 
Fixation with the Ь0% porous cement was inferior to that with the solid cement, 
the difference being significant. Fixation with the 35% porous cement seemed 
superior to that with the 50% porous cement. Up to 3 months after operation, 
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fixation in the group treated with 50% porous cement around a cement-coated 
prosthesis stem seemed better than that in the 50% porous cement group without 
prosthesis coating. However, the latter differences could not be confirmed by 
the results of statistical analyses. 
The study of porous cement structure revealed that the 50-PBC group showed 
nearly always significantly more destruction than the 50-FP13C group (without 
prosthesis). The same was observed al a few levels with regard to the 50-CPBC 
group (with a cement-coated prosthesis stem). 
The 35-PBC group seemed to show less destruction than the 50-PBC group,but 
this was not demonstrable on the basis of statistical analysis. 
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CHAPTER б 
THE PHYSICAL FEMORAL MODEL 
6.1 Introduction 
The animal experiment discussed in chapters Ψ and 5 elucidated the biological 
aspects of porous cement and provided an impression of its behaviour under 
loading. In this chapter the results will be described of the effect of cyclic 
loading of porous acrylic cement in a human femoral model. 
The cement load after total hip replacement in human patients can be simulated 
in vitro (De Wijn et al. 1977b), e.g. by means of a femoral model into which 
the prosthesis is cemented in a geometrically reproducible way. The cement can 
then be tested under cyclic loading comparable to the human hip load. Comparable 
data on different types of cement can be obtained when all other properties of 
such a model can be standardized. 
The use of cadaver femurs for such experiments results in non-reproducible data 
because the femurs differ in material and geometrical properties, and because 
it is impossible to ensure that the prosthesis is always in exactly the same 
position in relation to the femur. A few degrees of rotation of the stem or 
any shift parallel to the frontal plane may exert an enormous influence on the 
magnitude of the stresses. 
Data on porous cement strength obtained with a physical model can be quantitat­
ively expressed and compared. This study focuses in particular on the behaviour 
of porous cement and trends which can be distinguished in it. 
6.2 Material and method 
6.2.1 Desiçjn__o_f the moctel 
The design of the physical model of the proximal femur we used proceeded from 
the geometry of the femur of a 52-year old man (Laaper 1973) (figure 6.3). 
For the sake of simple, reproducible construction of the models, a justifiable 
simplification of the proximal part of this femur was designed (figures 6.1, 6.2 
and 6.3), based on a comparison of the mechanical properties of an experimental 
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f ig.6.1 Physical nodel of the proxmal femur according to the geonetry of 
the proximal femur of a 52-year old-man. 
femur and a simplified model (Huiskes et al. 1981). 
The proximal part of this model, where the load is introduced, consists of a 
curved ellipsoid structure which continues into a conical part. This conical 
part is more ellipsoid at proximal levels and gradually becomes more circular 
at more distal levels. The distal part of this cylinder serves for clamping. 
The width of clamping is ^  cm, leaving 2 cm space between the clamping and 
the tip of the prosthesis. Over this distance the stresses around the tip of 
the prosthesis are no longer influenced by the clamping. The position of the 
prosthesis was given special attention: the stem is completely surrounded by 
a layer of cement, distributed as evenly as possible. The thickness of the 
cement layer in the medial curvature is 5 mm at the proximal end and 3.5 mm 
at the distal end near the tip. The model is symmetrical in relation to the 
mid-frontal plane. 
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35x25 
fig.6.2 Physical model of the bone cement layer of the femur model (figure 6.1 J 
with the prosthesis in neutral position. 
Figure 6.3 shows a frontal longitudinal section through femur and model, indica-
ting compressional rigidity(section surface area χ modulus of elasLicity) and 
flexural rigidity (section surface area moment of inertia χ modulus of elasticity) 
in relation to two axes, always as a function of the coordinate s along the 
model's line of symmetry (neutral line). Λ11 sections are perpendicular to this 
line. It is to be noted that the neutral lines of model and femur do not coincide 
exactly, especially at more proximal levels. The main axes of inertia do not 
coincide exactly either. Maximum and minimum moments of inertia were always taken 
with respect to the frontal and sagittal plane respectively (Huiskes et al.l9Sl). 
2 2 
Moduli of elasticity: model: 15 GN/m ; cortical bone: 20 GN/m (Huiskes et al. 
1981); cancellous bone: 2CN/m (Evans 1957). 
Since cancellous bone was assumed to be homogeneous, like cortical bone, accuracy 
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fig.6.3 Proximal femur of a 52-year~old man and model in glass fibre-reinforced 
polyester, showing similarity of geometric and mechanical properties 
in response to compressional and flcxural loading. 
on the proximal side Is not very high. The model was so designed as to ensure 
optimal similarity in compressional rigidity, flexural rigidities and dimensions 
of the intramedullary cavity, and therefore also approximate similarity of the 
most significant stresses in cement, prosthesis stem and bone (Huiskes 1979). 
Material: 
A problem in the construction of a physical model was to find a material which 
could be processed without undue difficulty and which had the same modulus of 
elasticity as cortical bone, and the same or greater strength (De Wijn et al. 
1979b). 
The modulus of elasticity of oakwood and other kinds of wood proves roughly to 
correspond with that of cortical bone (figure 6 Λ ) . Wood, however, is unsuitable 
for rapid fashioning to a physical femur model. Plaster of Paris as used in a 
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fig.6.4 Tensile strengths and moduli of elasticity of cortical bone compared 
with other materials. 
pilot study, has a modulus of elasticity which corresponds with that of cortical 
bone at a certain water/gypsum ratio, and can be easily and rapidly fashioned 
to a physical femur model. However, gypsum is unsuitable because it hardly with­
stands tension. 
fxtensive experiments were made with various polymers, using fillers. It was 
found to be exceedingly difficult to obtain a sufficiently rigid material with 
little creep and adequate strength. On the basis of findings reported by Niederer 
et al. (1977), we opted in favour of a polyester glass fibre subbtance(glass-reiii-
forced polyester = GRP) with 57.5 + 0.5% glass, applying special production 
requirements. A modulus of elasticity of 11-15 GN/m2 was thus attained (De Wijn 
1979b). 
In Niederer's study a model of the proximal femur was developed in that glass 
fibre tape was soaked in a polyester and then moulded in a divided mould. This 
procedure requires a high-quality mould, preferably of metal, the manufacture of 
which is expensive and laborious. Another disadvantage оГ this method is that 
the final model is inhomogeneous because the glass fibre strips are laid out in 
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the mould halves; this means that different material properties prevail at Lhe 
junction of the halves. 
6.2.2 Construe.t ion_o_f the mode_1 
Simulation of the influence of the position of the head-neck prosthesis in the 
proximal femur on the magnitude and course of the stresses (Huiskes 197?) has 
demonstrated the importance of a readily reproducible position of the prosthesis 
in connection with the magnitude and course of the stresses. In order to ensure 
a constant prosthesis position, we opted in favour of a different sequence of 
construcLion than that normally used when a prosthesis is cemented in position 
(De Wijn 1979b). 
A wooden model of the cement layer around the prosthesis stem was fashioned on 
the basis of the dimensions given in figure 6.2.An exact negative mould of this 
model was cast in gypsum in a divided moulding box, so that the model could 
be loosened. Over the entire surface, the gypsum mould was replaced by silicones 
setting in situ. In this way a casting mould was obtained which can be used many 
times and ensures high accuracy of reproduction. 
This casting mould was painted with a loosener , the halves were closed after 
introduction of the prosthesis, and the mould was then filled with porous PBC or 
0-PBC (figure 6.5). 
The actual construction of the physical model was started with the prosthesis/ 
cement layer combination thus obtained. The prosthesis was fastened in a slowly 
rotating clamp (figure 6.6a) and painted with a loosener to prevent chemical 
binding between cement and polyester. 
Glass fibre tape was wetted with prepared polyester and applied in crossed 
evenly layered strips to the rotating prosthesis, exerting slight traction on 
the tape. Moulds were used to follow the changes in the thickness of the model 
(figure 6.6b). When the entire tape was in position, the entire model was weighed 
to determine the glass fibre: polyester ratio. 
« -glass fibre tape: QT 57 (Geigy, Arnhem) (5 cm wide) 
-polyester resin : Lamellon 2670 (Scado-Archer-Daniels,Zwolle) 
-hardener : Hobilon С (peroxide) 
-accelerator : Hobilon (cobalt naphthenate) 
-loosener : Hobilon 57 
m 
/^% 
fig.6.S Casting mould used to cast bone cement layer around the stem of the 
prosthesis. 1 = prosthesis ; 2 - mould in two parts; 3 = prosthesis 
with cast cement layer. 
For further setting, the model was placed in an oven at 50 С and 100% humidity 
to prevent the gel from drying in the cement pores. The GRP is bound to expand 
due to the polymerization heat and the oven temperature of 50 C, and this will 
be followed by shrinkage due to cooling and the polymerization process. As al­
ready pointed out (subheading 1.2.2.2), this leads to overall shrinkage. 
The expansion and subsequent shrinkage in the GRP may not be in balance, so that 
thermal stresses result, particularly at the GRP-cement interface. These stresses 
generally diminish quickly (Huiskes and De Wijn 1979b). 
The rough model thus obtained was filed down to the desired geometry with a 
tolerance of 0.25 mm, making use of moulds for the circumference and the longi­
tudinal curvature. 
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h. 
f ig.6.6 Rotating clamp used to manufacture physical model with polyester-
wetted glass fibre tape (a), placed in overlapping layers to pro-
duce the rough external shape of a femur (b). 
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6.2.3 Jhe hi£ ^ imu_la^o£ 
The hip simulator is a device which simulates functions of the hip-joint for 
purpose of studying components of the hip-joint. 
Three types of hip simulator are distinguished: 
- the mechanical type, in which the transfer of forces is studied; 
- the kinematic type, in which movement is analysed; 
- the dynamic type, which is a combination of a mechanical and a kinematic 
hip simulator. 
Hip simulators are most widely used in tribological research, and especially in 
testing prosthesis material for articulating surfaces. In our simulation study, 
however, the articulation between the prosthesis components was of no interest. 
Our concern was the mechanical behaviour of cement under cyclic loading of the 
hip prosthesis. 
The hip simulator used therefore had to meet the following requirements. 
- Possibility to clamp the femur model in such a way that the clamping exerted 
no discernible mechanical influence at the level of the prosthesis. 
- Possibility to impose a cyclic load pattern. 
- Adjustability of the direction, shape, frequency and amplitude of the (cyclic) 
load. 
- Possibility to measure the real load. 
- Possibility to measure the displacement of the prosthesis in relation to the 
physical femur model as a measure of cement destruction (figure 6.1). 
The hip simulator designed for this purpose is shown in figures 6.7 and 6.θ 
( the numeration in these figures corresponds with the numeration in the text). 
The hip simulator consists of a metal stand (1) with bascule (2). On the side 
of the long arm of the bascule (3) the drive is localized, with on the side of 
the short arm of the bascule (Ό the force adaptor (5), the physical model (6) 
with strain gauges and the clamping unit (7). 
Drive is provided by an electric motor (14) with an excentric disc (8), which 
via a roller (9) activates a hinged arm: the driving arm (10).The motions are 
transferred to springs (11) and the resulting spring pressure is transferred 
to the prosthesis head via the bascule (2). An intermediate component is a 
force adaptor (5) containing a rolling compound table (12) which ensures that 
« Construction : Instrument Service,University Hospital, Nijmegen. 
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1.metal stand 
2.bascule 
B.long arm 
if.short arm 
5.force adaptor 
б.physical model 
7.clamping unit 
S.excentric disc 
9.roller 
10.driving arm 
11.springs 
12.rolling compound 
table 
13.three metal axes 
14.electric motor 
15.gearbox 
16. movable sledqe 
17.electric step 
counter 
16.automatic retighten-
ing device 
19.circle segments 
fig.6.7 Hip simulator. Frontal view. 
(г^і 
5 = ^ 
i'ig. 6. 8 Hip Simulator. Lateral view. 
Lhe load direction is always vertical when the physical model bends (i.e. never 
more than 2.5-5 mm in horizontal and/or vertical direction at a maximum load 
of 3000 Newton). 
This force adaptor (5) contains a pressure system comprising three metal axes 
(13) placed at an angle of 120 to each other and provided with strain gauges. 
After standardization, combination of the three strain gauge signais accurately 
reflects the load on the head. 
The motor (\k) has a gearbox (15) for continuous regulation of the revolutions 
and therefore of the step frequency. A disc (8) on the motor axis has contours 
which give the walking pattern required.In this study we used only an excentric 
circular disc, which gives a sinusoidal load pattern. 
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The motor unit is mounted on a movable sledge (16), and the counter-roller (9) 
is likewise movable along the lower driving arm. By varying the deflection of 
the arm, the compression of the springs can be adjusted for continuous regu-
By using springs of different thickness, the entire loading 
range (from 500 to 3000 Newtons)can be covered. A sensor for the electrical 
step counter (17) is located near the excentric (8). 
If necessary, the force adaptor too can be moved along the short arm of the 
bascule in order to balance bascule arm and driving arm, thus ensuring that 
the springs are loaded in a proper range. 
The force adaptor contains a screw spindle which transmits the load to the 
femoral head via a polyethylene disc. By turning the spindle until it touches 
the head of the prosthesis, the springs are minimally tensed; this ensures 
smoothness in cyclic loading and prevents jolts on the prosthesis head due to 
space in the bascule system. As the prosthesis is displaced in distal direction 
(compression and pulverization of the cement), the screw spindle is adjusted 
by an automatic retightening device (18). This is achieved with the aid of a 
coil spring. 
The prosthesis is placed in a triple chuck (7) which can rotate over a graduate 
scale. The chuck can be placed at an angle over circle segments (19) with a 
graduate scale in the vertical plane. 
Section 3.4 discusses the load direction according to Rydell in relation to the 
system of х-, y- and z-axes (figure 3.2). The setting of the chuck in the hori­
zontal plane can be determined by vector analysis (figure 6.9). For the data 
mentioned ( = 43 and = 13 ), rotation in the horizontal plane as measured 
from the initial position (with the prosthesis in the plane of the bascule arm) 
is 35.7 . The angle of the chuck to the vertical is 19.03 . 
In order to determine the distal displacement of the prosthesis as a measure 
of cement destruction (section 6.1), the extensometer (20) (figure 6.7) is 
Strain gauge extensometer 
Gauge length 
Maximum strain 
Approximate spring load 
Full range 
Maximum hysteresis 
Non-linearity 
G 51-17 M Instron 
10 mm 
Ъ0% 
50 gms 
5.00 mm range 
0.3% 
0.25* 
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/9 . »ν : angles of adjustment 
«, (3, y : directional angles of 
load according to Rydell 
о : valgus angle of stem 
Sequence of adjustment (proceeding 
from femur axis = z-axis and neck 
axis in x-z plane) 
a 
f 
1st ft , 2nd 3" , ccording to: 
ζ у
 3 
$" = arctan (- -ψ-) 
f?sìn% - f cos/d~ 
Ñ = arctan ( ' 
in which: 
f, = - cos f l s inb - sin/j cos Jf cos ( 
f_ = -3sJnß sin ¡f 
3 f, = sin/3 cosy s i n i COSIb cos < 
fig.6.9 Angle adjustment of hip simuldtor. 
linked via small bars to the head of the prosthesis and the circumference of 
the proximal femur. The extensometer is so positioned as to measure approxi-
mately maximum displacement;in this context it should be born in mind that,due 
to the ante-mediocranial load direction, the prosthesis is not only pressed into 
the model in the direction of the axis, but at the same time slightly rotates 
( screw movement). 
The three strain gauge signals from the force adaptor are transmitted via special 
strain gauge bridge amplifiers to an integration unit, from which a single signal 
is recorded by an electromechanical two-channel plotter. The strain gauge signal 
from the prosthesis head is likewise amplified and transmitted to the same two-
channel plotter (figure 6.10). For accurate registration of the signals, a 
double-beam oscilloscope is used, connected in parallel with a polaroid camera 
unit. 
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fig.6.10 R and L signals as recorded by means of a two-channel plotter. 
6.2 Л Load_pattern_ 
The values which Rydell (1966) found for the hip load in his two test subjects, 
were presented in figure 3.2 (section З Л ) . Our physical femur model proceeded 
from the femur of a 52-year-old man (subsection 6.2.1). The load imposed during 
our experiments were 1500 and 3000 Newtons, respectively, i.e. 2-Ь times the 
body weight of Rydell's male test subject. 
Figure 6.11 shows that pronounced heel-strike and toe-off effects existed (double 
peak during standing phase). Realistic simulation of the load pattern is required 
in simulation experiments. For design-technical reasons, however, we opted in 
favour of a sinusoidal load pattern. The total energy invested in such a sinus­
oidal pattern is virtually equal to the load pattern measured by Rydell with the 
same maximum values. The steepness in the shape of the load pattern is in the 
same order of magnitude. The step frequency in our experiment was not allowed 
to exceed 1 H¿ in order to avoid the possible risk of a rise in temperature 
as a result of greater heat production. 
A conspicuous feature in Rydell's measurements is that the load during walking 
and running continued to be applied to a cranio-antcromedial region of small 
dimensions. In view of this, we proceeded in our study from л- 43 and ν =15 
(subsection 6.2.3; figure 3.2). 
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fig.6.11 Hip load relative to body weight as measured by Rydell (1966) during 
level walking m a 51-year-old male with a body weight of 75 kg. 
6.2.5 Testiпд ¿гocedure 
The model was submitted to cyclic loading with 1500 Newtons during three hours 
(6th measurement in the testing procedure), and subsequently to cyclic loading 
with 3000 Newtons (10th measurements in the testing procedure) until cement 
destruction occurred (more than 1 mm compression) or, if no destruction occur­
red, up to 2-3 days. 
The compression (1) was measured by means of an extensometer (figure 6.7) and 
recorded. This is a measure of the elasticity of, in particular, the cement 
(but also of that part of prosthesis and model that is within the extensometer). 
The change in compression (1) with time indicates the non-elastic deformation 
(figures 7.5 through 7.Θ). 
In addition, the elastic and non-elastic deformation of the porous cement was 
determined in a different way, both in advance and after 3 hours'cyclic loading 
(6th measurement). In this respect the following problem is encountered. A hip 
model not yet submitted to a load shows some setting of the prosthesis in cement 
and model at the first loading (figure 6.10); creep of the acrylic cement and 
the GRP of the model should also be taken into account. Static measurements are 
t 
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therefore not reproducible. This difficulty can be overcome as follows. In an 
increasing load series (500-1000-1500 Newtons; the 1st, 2nd and 3rd measure­
ments in the testing procedure) the prosthesis is submitted to a cyclic load 
during 5 minutes (in accordance with the load pattern discussed in subsection 
5.2.Ό. The initial and the terminal values of the compression measured (1) 
during these five-minute periods are averaged to obtain a representative load 
value. 
Graphic plotting of load (R) versus compression (1) yields a measure of elastic­
ity (slope of the line; figures 7.1 through 7Λ ) . The series is repeated 
(^ th and 5th measurements), whereupon cyclic loading during 3 hours immediate­
ly follows (6th measurement). This is followed by another increasing load 
series (500-1000-1500 Newtons) during 5-minute periods (7th, 8th and 9th measure­
ments ), and a subsequent endurance test at 3000 Newtons peak load (10th 
measurement). The displacement of the line after 3 hours'cyclic loading re­
presents the non-elastic deformation during this period. A survey of the 
testing procedure is given in table 6.1. 
Phase Duration in sec. Hip load in Newtons 
1 Short-term 300 500 
2 . 300 1000 
3 experiment з 0 0 1 5 ( ю 
if 300 500 
5 300 1000 
6 1.08 χ Ю** 1500 
7 300 500 
8 300 1000 
9 300 1500 
10 Long-term 5
 3 0 0 0 
experiment 
table 6.1 Testing procedure with femur model under cyclic loading. 
Frequency 1 Hz ( = cps). 
Throughout the testing, hip simulator and model were placed in an air-
conditioned room with a temperature of 230C and 30% relative humidity, the 
femur model proper being placed within a housing in which 100% humidity was 
maintained to prevent gel drying. 
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CHAPTER 7 
RESULTS OBTAINED WITH THE PHYSICAL FEMORAL MODEL 
7 Д Introduction 
This description of results is divided into findings under short-term load 
(elastic deformation) and findings under long-term load (non-elastic deformation). 
The results give an impression of how cement used in human total hip replacement 
responds to loads. The behaviour of porous cement is compared with that of the 
well known solid cement as established in actual practice. 
7.2 Short-term experiment 
The results of the series of short-term load measurements nos.l, 2, 3, 7, θ and 
9 (figure 6.1) are presented in figures 7.1 through 7 Λ , which show the relation­
ship between load (R) and deflection between prosthesis head and proximal femur(l). 
Twelve test specimens were studied: three with solid cement (O-РОС), three with 
bone cement of 50% porosity around a prosthesis pre-coated with solid acrylic 
cement (50-CPBC), three with porous cement of 35% porosity (35-PBC) and three 
with cement of 50% porosity (50-PBC). 
Of these 12 test specimens, those with solid cement (specimens 1, 2 and 3; figure 
7.1) showed the most rigid behaviour. The curves showed maximum steepness. 
Comparison between short-term load measurements before (series 1, 2 and 3) and 
after (series 7, θ and 9) a 3 hour period of cyclic loading, moreover, shows 
that the curves of the first and the second series practically coincided and 
that virtually no plastic deformation (prosthesis sinking into the cement) occur­
red. 
The specimens with the pre-coated prostheses (specimens b, 5 and 6; figure 7.2) 
showed slightly less rigid behaviour with the exception of specimen k. Again, 
virtually no plastic deformation occurred. This is illustrated by the shift of 
the curve of series 1, 2 and 3 in relation to that of series 7, θ and 9. 
The 35-PBC specimens (specimens 7, 8 and 9; figure 7.3) showed apparently linear 
elastic behaviour with rigidity equal to that of 50-CPBC specimens, but the shift 
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of the curve of series 1, 2 and 3 in relation to that of series 7, 8 and 9 
indicates cement destruction during the intermediate 3-hour period of cyclic 
loading. The curves of the second series show a steeper course, suggesting more 
rigid cement behaviour. 
The 50-PBC specimens (specimen 10, 11 and 12; figure 7A) showed a lower degree 
of rigidity. The periods of long-term loading (serie 6) resulted in much greater 
deformation (shift of the curves) than in the other groups. In specimens 10 
and 11 the extensometer deflection after 3 hours'loading with IbOO Mewtons was 
already 1 mm, indicating pronounced non-clastic deformation (the prosthesis 
was loosening). Continuation of the test was then considered senseless. 
Specimen 12, however, showed more rigid behaviour with less deformation. 
7.3 Long-term experiment 
Figures 7.5 through 7.S show the relationship between compliance (i.e. the 
reverse of rigidity) of the material and the number of cycles for test periods 
б and 10 (table 6.1). The results of the period of cyclic loading with a maxi­
mum of IbOO Newtons (test period 6) are shown. The duration of this period 
was 3 hours (10,800 seconds). The period of cyclic loading with a maximum of 
3000 Newtons lasted 2-3 days, unless loading was discontinued earlier in view 
of cement fracture (1 >lmm, prosthesis loosening in the model) or fracture of 
the femur model. 
The results obtained with 0-PBC specimens 1, 2 and 3 are presented in figure 
7.5. Little deformation was seen even after 200,000-300,000 cycles (2-3 days). 
Figure 7.6 shows the results obtained with 50-CPBC specimens 4-, 5 and 6. Pro­
gressive deformation was seen in specimen ^ after no more than 1000 cycles of 
loading with 1500 Newtons, and in specimens 5 and 6 after loading with 3000 
Newtons for a varying length of time.This deformation was less pronounced than 
that in 50-PBC specimens (figure 7.8). 
The results obtained with 35-PBC specimens 7, 8 and 9 are presented in figure 
7.7, indicating gradual deformation after prolonged exposure to the maximum 
load (3000 Newtons). 
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The results obtained with bO-PBC specimens 10, 11 and 12 are presented in 
figure 7.8, showing progressive, considerable deformation of each of the speci-
mens upon loading with 1500 Newtons (figure 7.8). Specimen 12 was stronger; 
loading with 3000 Newtons, however, rapidly led to a deflection (1) of more 
than 1 mm. 
In none of the specimens was the prosthesis sufficiently loosened after a de-
flection (1) of 1 mm was attained, to permit manual extraction from the model. 
When the test program was completed, the prosthesis in the 50-PBC specimens 
was placed in retroversion and again submitted to cyclic loading. This was 
followed within a few hours by loosening of the prosthesis, which was manual-
ly demonstrable. 
After completion of the test program, the prosthesis was extracted, the speci-
men was sawn open and polished, and the gel was washed out (figures 7.9 and 
7.10). The 0-PBC specimen (figure 7.9a, 7.9b) showed intact cement. So-called 
friction spots as a result of the prolonged high cyclic loading were clearly 
visible. The stiffness of the prosthesis stem material was higher than those 
of the cement and the bone-model, and consequently motion occurred at the 
cement-prosthesis interface during loading. 
Figure 7.9c shows that hardly any destruction was visible in the 50-CPBC speci-
men. 
The 35-PBC specimen (figure 7.10a, 7.10b) showed intact" cement with extensive 
friction spots. The 50-PBC specimen (figure 7.10c, 7.10d) showed destruction 
(cement fragments washed away), and in particular the cement on the medial 
side of the proximal prosthesis stem showed marked disintegration. 
7.4 Discussion 
When tensile and compressive strength limits are exceeded in traction and com-
pression tests, total destruction of the material occurs. It is therefore easy 
to indicate where and when the material fails. In the case of cement failure 
in the femur model, however, the prosthesis is gradually pressed into the cement 
coating, and no well defined point of failure can be detected in the deformation 
curves. In order to make a judgement possible, an extensometer deflection of 
1 mm was arbitrarily chosen as a value of evident failure. The strength of 
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b. 
fig.7.9 Two symmetrical halves of the femur model, sectioned and polished in 
the neutral plane after extraction of the prosthesis, a. O-PBC. 
b. Detail of O-PBC: the prosthesis bed; note friction spots due to 
slight motion between rigid prosthesis and elastic cement. 
с 50-CPBC, without gross destruction of the 50-PBC layer. 
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с. d. 
fig.7.10 Two symmetrical halves of the femur model, sectioned and polished in 
the neutral plane after extraction of the prosthesis, a. 35-PBC. 
b. Detail of 35-PBC: the prosthesis bed; note friction spots due to 
slight motion between rigid prosthesis and elastic cement. No visible 
destruction of porous cement, c. 50-PBC. d. Detail of 50-РБС: gross 
destruction visible, especially at the inner curve of the proximal 
stem. 
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porous cement was evaluated by comparing the curves of the various cement 
groups, and especially by comparing the porous cement with the 0-PBC (solid 
cement) groups. 
Factors which may be of influence on the results are: 
a. Factors affecting the entire physical model: 
- slight variations in the mixture of porous cement and GRP; 
- slight variations іл the position of the prosthesis relative to the model, 
and the entire model relative to the external load; 
- slight differences in the geometry of the cement layer and the femur model; 
- the effect of 'setting' of the prosthesis in the cement layer; 
- creep and relaxation of the GRP and the cement between measurements. 
b. Factors related to the measuring method and apparatus: 
- not readily reproducible position of the extensometer on the prosthesis 
head and the proximal femur; 
- systematic measuring error in the chain of measuring and registrating 
equipment. 
These factors may explain the differences in results of the different models, 
for example the difference in the initial value of 1 (at 500 Newtons) between 
specimen 1 on the one hand, and 2 and 3 on the other (figure 7.1), and the more 
rigid behaviour of specimen 12 versus specimens 10 and 11 (figure 7 Λ ) . 
During each period of cyclic loading it was noticed that the cement impression 
was initially marked, and that this impression gradually diminished (figure é.ll). 
This must be due to a setting effect (the prosthesis setting in the porous ce-
ment). This effect diminishes in the course of about 25 cycles. 
The subsequent phase is explained by local compression of the material as the 
strength of the PBC is exceeded. Its rigidity consequently increases, and its 
deformation in response to load diminishes in the course of time. 
Figure 6.11 may give the impression that the deformation diminishes exponential-
ly with time. When time is plotted logarithmically, however, the long-term load 
curves (figures 7.5 through 7. ) show no linearity, but increase progressively. 
This is suggestive of progressive deformation and failure. 
Strikingly, even when the 1 mm criterion was exceeded the prosthesis could not 
be extracted manually. When the prosthesis was placed in retroversion, so that 
1A8 
the hip load was applied to the posterior instead of the anterior aspect of 
the head, manual extraction was possible after a few hours'exposure to load 
only when cement of 50% porosity had been used. 
The extent to which the deformations demonstrated were based on creep; plastic 
deformation and/or actual fracture has not been estabiished with certainty. 
It should be borne in mind that pores can function as sites of introduction 
of fatigue fractures but also as 'crack blunters' - sites at which the gradual 
propagation of cracks is arrested. 
The results obtained in the experiment with the physical model can be summar-
ized as follows: four cement groups were tested (0-POC, 50-PBC, 35-PBC and 
50-CPBC), each in three models. Both the short-term and the long-term tests 
produced typical features for each group. They made it possibJe to differenti-
ate between the groups, and the reproducibility of the findings was relatively 
high. 
The results of the short-term tests showed a higher cement stiffness and 'no' 
irreversible deformation in the 0-PBC group. The 35-PBC group was characterized 
by slightly less stiffness and some irreversible deformation during the inter-
mediate period of 10,800 cycles, whereupon stiffness increased (probably as a 
result of local reinforcement of the material due to compression). The 50-
CPBC group likewise showed a high stiffness of the cement layer, and in this 
group there was virtually no deformation during the period of 10,800 cycles at 
1500 Newtons. With the exception of one model, the 50-PBC group showed not only 
a lower stiffness but also cement failure ( >1 mm deformation) after 3 hours' 
cyclic loading. 
The results of long-term tests (figures 7.5 through 7.8) likewise indicated 
an increased stiffness of the cement layer, possibly due to compression ('clench') 
of the material and the local stiffening resulting from it.In this long-term 
test under 3000 Newtons load, 35-PBC was found to be less stiff than 0-PBC but 
showed little deformation. The 50-PBC group scored as well as or better than 
the 35-PBC group when regarding its stiffness but showed more deformation than 
the 35-PBC group. The 50-PBC group failed unmistakably (the test program was 
not even completed). 
Both the short-term and the long-term tests demonstrated the difference between 
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50-CPßC and 35-PDC. The latter responded more flexible to loading and showed 
more initial setting and/or clenching effect (short-term test), but neverthe-
less deformed less plastically under cyclic peak loading (long-term test) than 
did 50-CPBC. The loss of strength of Э5-РВС versus 0-PBC was only small. 
After completion of the entire test, 50-PBC showed evident failure; the 50-CPBC 
did so to a lesser degree, as was evident in the sectioned models. The 35-PBC 
and 0-PBC specimens showed intact cement with friction spots. 
These friction spots can be explained as follows. There was a difference in 
modulus of elasticity between Lhc steel of the prosthesis stem and the cement 
(factor 100). Particularly under a high load (3000 Newtons), the difference in 
elastic deformation was therefore such that local displacement occurred at the 
metal-cement, interface (the prosthesis-cement interface no longer deformed as 
a unit). 
As a result of the differences in elastic deformation, moreover, stress concen­
trations develop locally in the cement, as shown in theoretical models (Huiskes 
1977). 
The porous cement can be protected from these stresses by pre-coating the pros­
thesis with solid cement, as done in our experiment. At the interface between 
solid cement and porous cement the stresses are less marked because the contact 
surface area has increased (increased diameter) and there is less elastic mis­
match between solid and porous cement. 
Pre-coating can have other advantages as well. To begin with, the solid cement 
layer can be allowed to polymerize under pressure, thus appreciabJy enhancing 
its strength. Secondly, when the pre-coated prosthesis is custom-fitted, the 
amount of porous cement polymerizing in situ diminishes, and the polymerization 
heat production is consequently reduced. At the same time, the amount of (toxic) 
monomer introduced diminishes. 
Tests with this combination (the 50-CPBC group) revealed a cement layer stiff­
ness which approximately equalled that of solid cement, and slight non-elastic 
irreversible deformation under cyclic loading (this deformation occurred in 
the porous cement). 
Further research into applications of this method is recommendable. It should 
focus mostly on the question of an optimal geometry of prosthesis stem and 
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the coating layer and of the optimal stiffness and strength of the coating 
material. 
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СНАРТГР 8 
CONCLUSIONS 
1. The chosen animal model yielded reproducible data on the biological reactions 
to porous bone cement and on the strength characteristics of this cement. 
The physical femur model described (same conditions as after human total hip 
replacement) likewise yielded reproducible findings with respect to the 
strength of this porous bone cement. 
2. Strength of porous bone cement: 
a. Cement of Ь0% porosity proved not sufficiently strong to withstand the 
stresses occurring in the animal and the physical model. 
b. Cement of 3b% porosity seemed to score better in the animal model, but 
this could not be confirmed by statistical analysis. In the physical model, 
however, the stiffness and the strength characteristics of 35-PDC approxi­
mated those of solid cement. The difference in results between the two 
models can have two causes. To begin with, it is possible that in the ani­
mal experiment the hip load was higher or, by its more complex nature, 
led to higher stresses than in the simulation experiments with the physi­
cal model (see calculation in subsection 4·.2.2). Secondly, factors inherent 
to the operative technique may have played a role and led to non-repro-
ducibility in the animal model. 
c.Cement of 50% porosity in combination with a pre-coated prosthesis stem 
also seemed to give better fixation than cement of 5056 porosity in the 
animal model, up to three months after operation. Again, this difference 
was not confirmed by statistical analysis. In the physical model, however, 
its stiffness was of the same order as that of solid cement, while cyclic 
loading during a longer period caused some irreversible deformation. The 
differences in results between the two models can be explained by the 
causes already mentioned for cement of 35% porosity. On theoretical 
grounds (Huiskes 1979) and on the basis of the results described in this 
study, it is evident that pre-coating of the prosthesis stem enhances 
structural strength, but it cannot be concluded that the use of cement of 
50% porosity in that case ensures sufficient strength. 
3. Biological reactions: 
a. The porous bone cement showed relatively rapid bone ingrowth (which aver-
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aged more than 2 mm) in all groups. This enlarged the contact surface 
area and may thus have improved fixation at the bone-cement interface. 
However, bone ingrowth was found not to advance as far as the prosthesis 
stem, which is the site of the highest stresses. The initial strength of 
the porous cement per se should therefore be sufficient to withstand these 
stresses. 
b. No untoward tissue reactions were observed. Foreign-body giant cells and 
macrophages as found at the bone-cement interface with solid cement, were 
not seen with porous cement.This may indicate better acceptance of the 
surface form of the cement, and better mechanical stability. 
c. The features at the bone-cement interface in all porous cement groups 
differed from those in the solid cement group. The peri-implant layer of 
fibrous tissue found with solid cement, was hardly discernible in the 
porous cement groups. 
4. In view of conclusions 2 and 3, further research into the applicability of 
porous bone cement in the fixation of human prostheses will have to focus on 
porous bone cement of about 3b% porosity. The risk of loosening can be re-
duced, moreover, by using a prosthesis which leads to the lowest possible 
stress concentrations. Especially coating of the prosthesis stem with solid 
acrylic cement can be helpful in this respect. 
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SUMMARY 
The introduction of acryJic bone cement (PMMA) in hip repiaccment surgery 
(Charnley 1960) resulted in appreciable improvement of prosthesis fixation. 
The cement fills the space between prosthesis and bone bed and ensures a more 
even distribution of the hip load over the bone bed. Untoward effects are the 
high polymerization heat of PMMA (Feith 1У75) and the cytotoxic action of the 
monomers, perhaps in combination with the polymerization heat (Huiskes 1979). 
These effects may be partly responsible for loosening of the prosthesis (10-
20% per 10 years; Müller 197íf). Bone remodelling on the basis of the changed 
stress pattern after introduction of the prosthesis may also be a factor of 
importance with regard to loosening. 
De Wijn, Feith and Slooff (De Wijn 1976; Feith 1975) reduced the polymeriza-
tion temperature by mixing PMMA with an aqueous gel on the basis of carboxy-
methyl cellulose (CMC). This gel formed a pore structure into which tissue 
grew under certain conditions. 
The purpose of this study was to establish whether this porous gel cement is 
sufficiently strong for fixation of a total human hip prosthesis, and to study 
the biological reactions to implantation of this cement. 
The biological reactions and mechanical properties were studied in a series of 
experiments which involved total hip replacement with porous cement in sheep. 
In addition, prosthesis fixation with porous cement was analysed in a physical 
model of the human femur under cyclic loading. 
Chapter 1 describes the properties of acrylic bone cement so far as they are 
relevant to this study. Polymerization characteristics, mechanical properties 
and particulars concerning the bone-cement interface, especially the presence 
of a fibrous membrane, are discussed. 
Chapter 2 presents the relevant data collected on porous materials, including 
the kinetics of bone ingrowth and pore structure. It discusses the known char-
acteristics of gel cement, e.g. composition, processing, polymerization char-
acteristics, strength characteristics, and the influence of bone ingrowth on 
strength. 
m 
Chapter 3 discusses some aspects of the anatomy, vascularization and histol-
ogy of the proximal human femur,with special reference to changes which occur 
after total hip replacement. It also discusses the load characteristics of 
the total hip prosthesis and the stress distribution in the components, in 
relation to the interpretation of the strength of porous cement and the de-
velopment of a physical femur model for cyclic loading experiments. 
The cement types studied were 0-PBC (solid cement), 50-PBC (50% gel pores), 
35-PBC Ob% gel pores), 50-FPBC (50-PBC used to fill the medullary cavity 
without inserting a prosthesis), and 50-CPBC (50-PBC used to cement a pros-
thesis which had been slimmed and pre-coated with a layer of solid acrylic 
cement, thus ensuring that the porous cement was used in an area where less 
high stresses occur when a load is imposed). The pore size in the gel cement 
was 200-1000 firn. 
These introductory chapters are followed by a description of the experiments 
and a discussion of their results. 
Chapter ^ discusses the animal experiment, explaining the choice of the test 
animal used (sheep). One of the reasons for using sheep was that, due to the 
shape, dimensions and loading of the sheep hip, the stresses occurring in the 
materials are probably comparable to those in human individuals. In the animal 
model, therefore, the cement would be equally loaded as in humans (possibly 
even higher). 
This chapter also discusses the anatomy of the sheep hip, the dimensions of 
the prosthesis, the operative technique employed, and postoperative treatment. 
The postoperative follow-up, the femoral and pelvic material studied and the 
criteria of evaluation (walking function, prosthesis fixation, bone ingrowth 
into the porous cement, and tissue and cortical reactions) are also discussed. 
For each of the criteria a grading was used to ensure optimal quantification 
of the results. 
Finally,this chapter describes the statistical methods used,the radiological 
and histological techniques, and the fluorochrome labelling. 
Chapter 5 presents and discusses the results of this animal experiment, which 
can be summarized as follows. 
Porous bone cement (all groups) showed no untoward tissue reactions. Foreign-
body giant cells and macrophages as seen at the bone-cement interface with 
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solid cement, were not observed with porous cemrnt. This may indicate better 
acceptance of the surface configuration of the cement, and better fixation 
stability. 
In all porous cement groups, the features at the bone-cement interface differed 
essentially from those in the solid cement group. In none of the porous cement 
groups did we find the peri-implant layer of fibrous tissue observed with solid 
cement. 
The use of porous bone cement in total hip replacement exerted no influence on 
the amount of cortical osteonecrosis, but did have some effect on cancellation 
( = medullization or osteoporosis) of the cortex. 
Bone ingrowth was observed in the porous cement. Incipient bone apposition was 
seen after six weeks, and this continued between three and six months, followed 
by maturation and stabilization (one year). Ingrowth averaged 2 mm and was 
virtually the same in all groups. This bone ingrowth can make an important con-
tribution to fixation at the bone-cement interface. 
Whereas with solid cement the fixation at' the prosthesis-cement interface is 
never better than immediately after operation, bone ingrowth can lead to res-
toration of the cement-bone interface when porous cement is used. 
Bone ingrowth did not advance as far as the stem of the prosthesis. The highest 
stress concentrations occur at the prosthesis-cement interface, and this implies 
that the porous bone cement per se (regardless of bone ingrowth) should be suf-
ficiently strong. 
Fixation with 50-PBC was inferior to that with 0-PBC, the difference being stat-
istically significant. Fixation with 35-PBC seemed to be superior to that with 
50-PBC. Up to three months after the operation, fixation in the 50-CPBC group 
seemed to be superior to that in the 50-PBC group. Latter differences, however, 
were not confirmed by statistical analysis. 
The study of the porous cement structure revealed that the 50-PBC group showed 
almost always significantly more destruction than the 50-FPBC group (no pros-
thesis inserted). The same applied to some levels in the 50-CPBC group. 
The 35-PBC group seemed to show less destruction than the 50-PBC group (not 
demonstrable by statistical analysis). 
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This chapter concludes with a discussion in which various aspects are eluci­
dated. 
The second experiment (chapters 6 and 7) involved the use of a physical model 
of the human femur. Its geometry in relation to the modulus of elasticity cor­
responds with that of the human femur. Under cyclic loading, stresses in the 
cement layer can be simulated which resemble those in human hip replacement. 
In this way, data were obtained on the strength of the cement types studied 
(35-PBC, 50-PBC, 0-PBC and 50-CPBC). 
Chapter б discusses the purpose of this experiment and material and method, 
more specifically the design and construction of the model, the hip simulator, 
the load pattern and the testing procedure. 
Chapter 7 describes and discusses the results obtained with the physical 
femoral model. We opted in favour of an initial short-term load test to deter­
mine the elasticity of the cement and the initial deformation (i.e. the set­
ting of the prosthesis). This was followed by a long-term cyclic load test 
(step frequency 1 Hz, load 1500 to 3000 Newtons, sometimes continued for a 
few days (10 -second cycles)). 
The results of this experiment led to the conclusion that differentiation 
between the groups was possible in this way. The 50-PBC failed under the load 
imposed. The 35-PBC group showed some setting of the prosthesis and possibly 
some clench effect of the cement, but in principle the cement remained intact 
and its stiffness behaviour corresponded with that of solid cement. The 50-
CPBC group demonstrated the usefulness of pre-coating the prosthesis stem with 
solid acrylic cement. Visual inspection of the cement in models sectioned 
after the tests, confirmed the results of the measurements. 
Chapter 8 presents the CONCLUSIONS. 
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Het wordt steeds lichter, er is 
steeds meer te zien, duidelijker 
ook, zelfs m de verte, en 
alles boordevol verwondering. 
Gabriel Smit. 
SAMLNVATTING 
De introductie van acrylbotcenient (PMMA) in de heupendoprothese chirurgie (Charn-
ley I960) resulteerde in een aaiuienlijke verbetering van de prothese fixatie. 
Het cement vult de ruimte op tussen de prothese en het botbed en leidt tot een 
gelijkmatige verdeling van de heupbelasting over het botbed. Nadelige effecten 
zijn de hoge polymerisatiewarmte van het PMMA (Feith 1975) en de cytotoxische 
werking van de monomeren, die versterkt kan worden door de polymerisatiewarmte 
(Huiskes 1979). Deze effecten kunnen voor een deel verantwoordelijk zijn voor de 
loslating van de endoprothese (10-20% per 10 jaar, Müller 197^). Het is ook mo-
gelijk dat de remodellering van het bot op grond van de verandering van het 
stress-patroon na endoprotheseplaatsing een factor van betekenis is voor deze 
loslating. 
De Wijn, Feith en Slooff (De Wijn 1976; Feith 1975) bereikten een verlaging van 
de polymerisatietemperatuur door mengen van het PMMA met een waterig gel op ba-
sis van Carboxy Methyl Cellulose (CMC). Dit gel vormde een poriënstructuur waar-
in, onder bepaalde omstandigheden, weefselingroei optrad. 
Het doel van deze studie was te onderzoeken of dit poreuze gelcement voldoende 
sterk is voor de fixatie van de totale heupprothese bij de mens en hoe de bio-
logische reacties op implantatie van dit cement zijn. 
De biologische reacties en mechanische eigenschappen werden bestudeerd in een 
serie experimenten waarbij de totale heuparthroplastiek met poreus cement bij 
het schaap werd uitgevoerd. Daarnaast volgde een analyse van de prothese fixatie 
met poreus cement in een fysisch model van het menselijk femur onder cyclische 
belasting. 
In HOOFDSTUK 1 worden de eigenschappen van het acrylbotcement beschreven voor 
zover zij van belang zijn voor dit onderzoek. De polymerisatie kenmerken, mecha-
nische eigenschappen en bijzonderheden aangaande de bot-cement-interface, met 
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name het optreden van een fibreuze membraan, worden nader belicht. 
In HOOFDSTUK 2 zijn de relevante gegevens over poreuze materialen o.a. de kine-
tiek van de botingroei en de poriënstructuur weergegeven en er wordt nader inge-
gaan op reeds bekende eigenschappen van het gelcement zoals de samenstelling, 
verwerking, polymerisatie kenmerken, sterkte eigenschappen en de invloed van de 
botingroei op de sterkte. 
In HOOFDSTUK 3 komen die aspecten aangaande de anatomie, de vascularisatie en 
de histologie van het proximale femur ter sprake die van belang zijn bij de ver-
anderingen zoals die optreden bij de totale heuparthroplastiek. Tenslotte wordt 
ingegaan op de belastingskarakteristiek van de totale heup en de spanningsverde-
ling in de componenten, een en ander in verband met het interpreteren van de 
sterkte van het poreuze cement en de ontwikkeling van een fysisch model van het 
femur voor cyclische belastingsexperimenten. 
Na deze inleidende hoofdstukken volgt de beschrijving van de experimenten en 
de resultaten. 
De onderzochte soorten cement zijn O-PBC (massief cement), 50-PBC (50% gel aan 
poriën), 35-PBC (35% gel aan poriën) en 50-KPBC (een groep waarbij het femur wel 
gevuld is met 50-PBC maar waarbij geen prothese is geplaatst). Verder werd er 
nog een groep bestudeerd met gebruikmaking van 50-PBC en waarbij de metalen pro-
thesesteel vooraf is afgeslankt en vervolgens voorzien van een laag massief 
acrylcement; op deze wijze wordt het poreuze cement in een gebied gebruikt waar 
minder hoge spanningen onder belasting optreden. In het boven vermelde gelcement 
is de poriëngrootte 200-1000 ¡im. 
In HOOFDSTUK k wordt het dierexperiment besproken, waarbij een verantwoording 
voor de keuze van het gebruikte proefdier, het schaap, wordt gegeven. Qen van 
de redenen voor deze keuze is dat bij het schaap, door de vorm, afmeting en be-
lasting van de heup, de spanningen in de materialen waarschijnlijk vergelijkbaar 
zijn met die bij de mens. In het diermodel zal daarom het cement gelijk belast 
worden als in de mens (mogelijk zelfs hoger). 
Voorts komen de anatomie van de schapeheup, de prothese afmetingen, de gekozen 
operatietechniek en de nabehandeling ter sprake, gevolgd door de post-operatieve 
follow-up, het te onderzoeken materiaal van het femur en het bekken en de te 
beoordelen criteria, o.a. de functie bij lopen, de fixatie van de prothese, de 
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botincjroei in het poreuze cement en de weef se]- en cortcxreacties. 
Van elk van deze criteria v>ordt een indeling gemaakt in klassen zodat de resul-
taten zoveel mogelijk gekwantificeerd kunnen worden. 
Tenslotte wordt een beschrijving gegeven van de gekozen statistische methoden, 
de röntgentechniek, de histologische methoden en de toegepaste fluorochroom 
labelling. 
De resultaten van dit dierexperiment en de discussie van de resultaten worden 
beschreven in HOOFDSTUK 5 en als volgt samengevat: 
Het poreuze botcement (alle groepen) toont geen nadelige weefselreacties. 
Vreemdlichaamreuscellen en macrofagen zoals bij het massieve cement op de bot-
cement-interfdce voorkomen, worden bij het poreuze cement niet gezien. Dit kan 
wijzen op een betere acceptatie van de oppervlakte vorm van het poreuze cement 
en op een betere fixatie stabiliteit. 
Alle poreuze cementgroepen geven ten opzichte van het massieve cement een essen-
tieel ander beeld op de bot-cement-interface. De peri-implantaire bindweefsel-
laag zoals die bij het massieve cement wordt gevonden, is niet aanwezig bij de 
poreuze cementgroepen. 
Het gebruik van poreus botcement bij een totale heupprocedure heeft geen invloed 
op de hoeveelheid cortex necrose,maar wel enige invloed op de spongiosering van 
de cortex. 
Het poreuze cement vertoont na 6 weken een beginnende botingroei. Na 6 maanden 
heeft deze ongeveer zijn maximum bereikt en daarna treedt stabilisatie op. De 
ingroei bedraagt gemiddeld 2 mm en is in praktisch alle groepen gelijk. Deze 
ingroei kan een belangrijke bijdrage leverei» aan de verankering op de bot-
cement-interface. 
In tegenstelling tot het massieve cement, waar de prothese nooit vaster aan het 
het bot gehecht is dan vlak na de operatieve fixatie, kan er bij poreus botce-
ment herstel van de cement-bot-interface optreden door botingroei. 
Botingroei wordt niet gerealiseerd tot aan de prothesesteel. Op de prothese-
cement-interface treden de hoogste stress-concentraties op; dit betekent dat 
het poreuze cement op zich (zonder botingroei) sterk genoeg moet zijn. 
Het 50% poriën cement toont een inferieure fixatie ten opzichte van het massieve 
cement, deze waarneming is significant. Het 35% poriën cement lijkt een betere 
fixatie op te leveren dan het 50% poriën cement. De 50% poriën cement met ge-
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coate prothesesteel groep lijkt eveneens een betere fixatie te geven dan de 50% 
poriën cement groep en wel tot drie maanden na de operatie. Deze verschillen 
konden echter niet met de gebruikte statistische analyse worden aangetoond. Ook 
bij de bestudering van de poreuze structuur valt op dat de 50% poriën cement 
groep significant meer destructie vertoont dan de 50% poriën cement opvul groep 
(geen prothese geplaatst). Dit geldt ook ten aanzien van enkele niveaus van de 
groep met de 50% poriën gecoate prothesesteel. 
De 35% poriën cement groep lijkt minder destructie te vertonen dan de 50% poriën 
cement groep (dit is niet op grond van een statistische analyse aantoonbaar). 
Dit hoofdstuk wordt afgesloten met een discussie over de gedane waarnemingen. 
in het tweede experiment (HOOFDSTUK б en 7) wordt gebruik gemaakt van een fy­
sisch model van het menselijk femur, waarvan de geometrie in relatie tot de 
elasticiteitsmodulus overeenkomt met die van de mens. Onder cyclisch belasten 
kunnen in de cementlaag spanningen gesimuleerd worden zoals ze bij de mens voor 
kunnen komen. 
Met deze meetmethode worden sterkte-gegevens verkregen over de onderzochte soor­
ten (poreus) botcement (35% en 50% poriën cement, massief cement en 50% poriën 
cement met gecoate steel). 
In HOOFDSTUK 6 wordt ingegaan op de doelstelling van dit experiment en worden 
de gebruikte materialen en methoden besproken, met name het ontwerp en de ver-
vaardiging van het model, de heupsimulator, het belastingspatroon en de test-
procedure. 
De resultaten verkregen met het fysisch belastingsmodel worden in HOOFDSTUK 7 
beschreven. Voor deze experimenten werd gekozen voor een kortdurende belastings-
test, gevolgd door een cyclische duurbelasting. 
Uit deze experimenten werd geconcludeerd dat differentiatie tussen de verschil-
lende cementgroepen mogelijk is. Het 50% poriën cement faalt onder de gegeven 
belasting. Het 35% poriën cement toont enige 'setting' van de prothese en moge-
lijk 'instuikeffect' van het cement, maar blijft in principe intact en reageert 
wat stijfheid betreft hetzelfde als het massieve cement. De 50% poriën cement 
met gecoate prothesesteel groep demonstreert het nut van deze massieve pre-coa-
ting van de prothesesteel. Observatie van het cement in de, na de test openge-
zaagde modellen, bevestigen de resultaten van de metingen. 
Tenslotte volgen de CONCLUSIES. 
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STELLINGEN 
I 
Het poreuze acryl-bot-cement ondervangt een aantal nadelen van het standaard bot-
cement. Wanneer het onder bepaalde voorwaarden wordt toegepast in de endoprothese 
chirurgie kan het in een meer duurzame fixatie resulteren. 
II 
Bij het gebruik van poreus acryl-bot-cement zal stress-protectie van de cement-
laag door een beter prothese ontwerp (meer custom fit) en gebruik van andere pro­
these materialen (coating met een meer elastische laag) de kans op een duurzame 
fixatie verhogen. 
III 
Op de bot-poreus-acryl-cemcnt overgang ziet men in tegensLelling tot het massieve 
cement praktisch geen peri-implantaire bindweefsel membraan. Dit is vermoedelijk 
niet alleen het gevolg van een verlaging van de contactspanningen en een vermin­
derde productie van polymerisatiewarmte in combinatie met het toxisch monomeer, 
maar vooral ook het gevolg van een betere acceptatie van de oppervlaktevorm van 
de cementconus als vreemd lichaam. 
IV 
Onderzoek naar toepassing van poreus-acryl-cement ter opvulling van botdefecten 
o.a. na tumorresectie in het axiale dragende skelet verdient aanbeveling. Het 
poreuze cement moet daarbij vooral gezien worden als matrix waarlangs het defect 
door botingroei opgevuld kan worden. 
V 
Augmentatie door middel van poreus-acryl-bot-ccment van skeletvorm-afwijkingcn 
zoals cranio-faciale deformiteiten en pectus excavatum verdient aanbeveling. 
(Vaandrager,3.M.,P.O.van Mullem en O.R.de Wijn (19Θ0).Congres Collegium Chirur-
gicum Neerlandicum.Amsterdam). 
VI 
Het gebruik van een fysisch model van het proximale femur maakt het,in vitro, 
testen van sterkte eigenschappen van acryl-bot-cement en prothesefixatie mogelijk. 
VII 
De fysiotherapie bevindt zich thans in een zodanig stadium dat oen wetenschappe­
lijke benadering van de resultaten, zowel door de fysiotherapeui.en als door de 
verwijzers, dringend gewenst is. 
Vili 
Chemonucleolyse van de lumbale discus intervertebralis door middel van chymopa-
palne, als alternatief voor een operatie na falende conservatieve therapie bij 
jonge patiënten met een klinisch en myelografisch aangetoonde HNP, verdient fre-
quenter toepassing in Nederland.(Lyman Smith(1975).Orthop.Clin.N.America,1,255) 
IX 
Bij progressieve myelum compressie, ten gevolge van een primaire tumor of méta-
stase in het corpus vertebrae, is voorste decompressie de beste methode. Het 
corpus vertebrae kan dan geheel of gedeeltelijk vervangen worden door acryl-bot-
cement waardoor direct stabiliteit bereikt wordt, terwijl lokale radiotherapie 
mogelijk blijft. (Harrington,К.D.(19Θ1).3.Bone 3t.Surg,63-A,36) 
X 
Preventie van invaliditeit bij ouderen moet steunen op de gedachte dat veroudering 
een fysiologisch proces is dat beïnvloed kan worden en niet een ziekte met een 
fatale afloop. 
XI 
Gecomputeriseerde tomografische scanning van de lumbale wervelkolom zal een van 
de belangrijkste 'body'toepassingen van deze techniek blijken te zijn en het zal 
een revolutionaire ontwikkeling geven bij het diagnostiseren en behandelen van 
afwijkingen van de lumbale wervelkolom.(Burton,C.V.et al.(1979).Spine,^,356) 
XII 
Op oudere leeftijd is men nog meer afhankelijk van fysieke en intellectuele acti-
viteit dan op welke andere leeftijd ook. (Svanborg.A.(1981).Excerpta Medica,Int. 
Congress Series 55^,87) 
XIII 
De stelling:'Klachten hebben de neiging toe te nemen naarmate er meer begrip voor 
is' (Ferrée,H.(1981).Variaties op de wet van Parkinson,Avenue),kan beter luiden: 
'Klachten hebben de neiging af te nemen naarmate de klager er meer begrip van heeft'. 
XIV 
Run gently,run long.(Зое Henderson) 
3.F.A.M.Ypma 
Nijmegen, 10 december 1981 


